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Abstract 
Turbulent air flow in a wall sub-channel of a heated 37-rod bundle (P/D=1.12, 
W/D=1.06) was investigated. Measurements were performed with a hot-wire probe 
with x-wires and a temperature wire. The mean velocity, the mean fluid temperature, 
the wall shear stress and wall temperature, the turbulent quantities such as the tur-
bulent kinetic energy, the Reynolds-stresses and the turbulent heat fluxes were 
measured and are discussed with respect to data from isothermal flow in a wall 
channel and heated flow in a central channel of the same rod bundle. Also, data on 
the power spectral densities of the velocity and temperature fluctuations are pre-
sented. These data show the existence of large scale periodic fluctuations of velocity 
and temperature in the gap region of two adjacent rods or between rods and the 
wall. These fluctuations are responsible for the high intersubchannel heat and mo-
mentum exchange. 
Messungen der turbulenten Geschwindigkeit und Temperatur in 
einem Wandkanal eines beheizten Stabbündels 
Zusammenfassung 
Turbulente Strömung durch einen Wandkanal eines beheizten 37 -Stabbündels 
(P/D=1.12, W/D=1.06) wurde untersucht. Die Messungen wurden mit einer Hitz-
drahtsonde mit x-Drähten und einem Temperaturdraht durchgeführt. Die mittleren 
Strömungsgeschwindigkeiten und -temperaturen, Wandschubspannungen und 
Wandtemperaturen, Turbulenzgrößen wie die turbulente kinetische Energie, die 
Reynoldschen Schubspannungen und die turbulenten Wärmeströme wurden ge-
messen und werden mit den Ergebnissen bei isothermer Strömung in einem Wand-
kanal und bei beheizter Strömung in einem Zentralkanal dieses Stabbündels vergli-
chen. Spektrale Leistungsdichten der Geschwindigkeits- und Temperaturschwan-
kungen werden ebenfalls dargestellt. Sie weisen auf die Existenz von periodischen 
großskaligen Schwankungen der Geschwindigkeit und Temperatur im Spalt 
zwischen zwei benachbarten Stäben oder zwischen Stäben und der Wand hin. 
Diese Schwankungen sind für den großen Wärme- und Impulsaustausch zwischen 
den Unterkanälen verantwortlich. 
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1. INTRODUCTION 
The prediction of the temperature distribution within the rod bundle of a nuclear reac-
tor is of major importance in nuclear reactor design. The thermal-hydraulic analysis 
is performed by solution of the conservation equation for mass, momentum and en-
ergy. Recently developed codes [1] applying a distributed parameter analysis need 
empirical information on turbulent transport properlies of both momentum and en-
ergy transport. 
A large number of experiments has been performed in various rod bundle geome-
tries with isothermal flow (for a review see Ref. 2). lt has been found that distribu-
tions of the turbulence intensities in rod bundles are unusual and different from 
those in tubes and parallel plates [3,4,5]. The highest turbulence intensities were 
observed at positions of greatest distance from the walls in the gap region. The eddy 
viscosities parallel to walls are considerably higher than those normal to walls and 
depend strongly on the pitch to diameter ratio of the rod bundle. The high mixing 
rates between subchannels of rod bundles have been explained by the effects of 
secondary flow for a long time, although Rowe [6, 7] in 1973 had noticed that a non-
gradient macroscopic flow process, possibly flow pulsation, affects the mixing be-
tween subchannels. Detailed turbulence measurements of the axial flow through 
closely-spaced rod bundles have confirmed the observations of Rowe and have 
shown that an energetic and almost periodic flow pulsation exists through the gaps 
between the rods and between rods and channel walls, respectively [8, 9]. lt was 
demonstrated that these flow pulsations are the reason for the high mixing rates 
between the subchannels of rod bundles [1 0,11] and secondary flows in subchan-
nels do not contribute significantly to the mixing rates. ln a recent investigation on 
turbulent flow through compound reetangular channels [12] it was shown that these 
large scale flow pulsations or vortices are a general phenomenon existing in any 
longitudinal slot or groove in a wall or a connecting gap between two flow channels, 
provided its depth is more than approximately twice its width. Thus, the momentum-
and heat transfer processes in the rod-gap area for turbulent flow through closely 
spaced rod arrays are governed by a low frequency quasi-periodie fluctuation of the 
velocity compohent directed through the gap. 
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To model correctly the heated flow it is necessary to know the turbulent quantities of 
the velocity and those of the temperature such as the eddy diffusivity of heat in all 
directions. No such data were available for flow through rod bundles. ln carrying on 
the 15 years of research on turbulent flow through rod bundles at Kernforschungs-
zentrum Karlsruhe (KfK) the investigations were continued at a heated 37 -rod bun-
dle. The results of the measurements in a central channel have been published ear-
lier [13]. Here we present the main results of the measurements in a wall subchannel 
and discuss them with respect to those results in the central channel and with iso-
thermal flow in the wall channel [14]. 
2. EXPERIMENTAL APPARATUS AND PROCEDURE 
A rod bundle of 37 parallel rods (0.0. D = 140 mm) arranged in triangular array in a 
hexagonal symmetric channel was built (Fig.1 ). The position of the channel is hori-
zontal. The total length of the working section is L = 11.50 m with an unheated en-
trance length of Liso = 4.60 m and a heated length of Lheat = 6.90 m. The pitch to di-
ameter ratio ofthe rods is P/D = 1.12 (W/D = 1.06), which gives a length to hydraulic 
diameter of central channel ratio for the heated part of LheatiDh,c = 128. The rods are 
made of epoxy reinforced with fiberglas, sheathed with a 50 J.tm foil of monel metal, 
which serves as resistance heating element. lt is heated by low voltage, high direct 
current to temperatures in the range of 60° to 100 °C. Since the meta I foil has a very 
accurate thickness the heat flux is uniform around the perimeter of the rods. The 
heat conduction is very small due to the small thickness of the metal foil and the low 
conductivity of the rod material. Thus, the circumferential temperature variations due 
to different heat transfer will not be eliminated by conduction. The wall heat flux was 
determined from the measurements of the current and the valtage drop along the 
rods with an estimated error of ±1.5 %. 
The channel walls are made of aluminum covered with a thick insulation at the out-
side to minimize the heat losses. The whole bundle is made up from five sections, 
each 2.30 m long. The rod gap spacers were made of 4 mm thick and 15 mm wide 
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(in axial direction) steel with rounded edges. Due to extremely small manufacturing 
tolerances the deviations from the nominal bundle geometry are Jess than 0.2 mm, 
including the bending of the rods. The fluid is air at atmospheric pressure and room 
temperature at the entrance. The air is driven by a centrifugal blower. Before enter-
ing the working section it passes through a filter to remove partielas greater than 
1 11m and an entrance section of 5 m Jength with a honeycomb grid and a number of 
fine grid screens. 
The measurements are performed at a position 20 mm upstream of the outlet. The 
time-mean values of the axial velocity and the wall shear stresses are measured by 
Pitot and Preston tubes (O.D. d=0.6 mm), respectively, the mean temperatures are 
measured by sheathed thermocouplas (O.D. d=0.25 mm). The wall temperatures are 
measured by an infrared pyrometer (Heimann KT 4), which has a range of 
ooc-1 oooc and a target area of 5 mm diameter at 1 m distance. Mainly due to diffi-
culties with calibration the uncertainty is ±1 K. 
The turbulent quantities are measured by hot wire anemometry using a three-wire 
probe. This probe consists of an x-wire probe with an additional cold wire perpen-
dicular to the x-wire plane for simultaneaus measurement of two components of in-
stantaneous velocity and temperature. The x-wires have a length of 1.1 mm, a di-
ameter of 2.5 11m and a spacing of 0.35 mm. The cold wire has a diameter of 1 11m, a 
length of 0.9 mm and is positioned 0.1 mm upstream of the x-wire prong tips. The 
measuring volume is approximately 1 mm3• The probe was fabricated in our Iabors-
tory. The calibration and evaluation method uses look-up tables as described by 
Lueptow et al. [15], extended by the temperature dimension [16]. Since the cold wire 
is run in the Constant Current Anemometer-mode (CCA) the frequency response is 
not as good asthat of the x-wires, which are run in the Constant Tamperature Ane-
mometer-mode (CTA). The attenuation and phase shift of the temperature signal 
Ieads to errors in all correlations of u, v and e. A rough estimate for a 1 11m wire 
gives the following maximum errors: 82 is 2%, ue is 4% and ve is 6% too small; u2 
anCI uv are 4% too large and there is a negligible error in v 2 • 
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Apart from these errors there are several errors typical for x-probes, such as the er-
rar due to the velocity component normal to the x-plane and the errors due to the 
finite length of the wires and the distance between them. The velocity component 
normal to the x-plane will result in the evaluation of too high axial components u2 , 
while the finite length of and the distance between the wires Ieads to errors in v 2 , 
w 2 and in the correlations such as uv. These latter errors depend on the velocity 
and temperature gradient [16]. 
The performance of the measurements is fully automated; the mass flow rate, the 
heating power and the traversing of the measuring probe are controlled by a 
486-PC. The triple wire probe is run by two CTA- and one CCA-bridge of an 
AN-1003 anemometer system. The signals were digitized at sample rates of 7 kHz 
per channel by a DT2829-card, which provided sample and hold digitization with 
16-bit resolution. The total number of samples taken in a continuous stream were 
49152 per channel, with a measuring time of 7 seconds. The raw data were loaded 
into extended memory of the computer by OMA. The evaluation of all correlations 
takes approximately 20 seconds. At each measuring point the probe is turned into 
eight positions to measure all six Reynolds stresses, three turbulent heat fluxes and 
ten triple products [17]. To evaluate the above correlations it is necessary to roll the 
probe about its axis to the positions 0°, 45°, 90° and 135° with respect to the start. 
The positions 180°, 225°, 270° and 315° are used to compute the average between 
two corresponding positions, oo and 180° for example, in order to minimize possible 
errors in the radial or azimuthal components. 
ln a wall channel measurements at 636 positions (Fig. 2) were taken under non-
isothermal conditions, which took approximately forty hours. The data of the heated 
experiment were: Reynolds number in the wall channel Re = 6.5 x 104 , hydraulic 
diameter Dh,w = 0.0488 m with a bulk velocity Ub = 19.4 m/s and a bulk temperature 
Tb = 29.1 °C. The wall heat flux in the present experiment was 1.39 kW/m2. 
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3. RESULTS 
3.1. Wall shear stress and wall temperature distribution 
Fig.3 shows the measured wall shear stress distribution of the 37 -rod bundle in 
comparison to the results of a 4-rod bundle. The shear stress was calculated by 
Preston's method. The properties of air were evaluated at the fluid temperature at 
y=0.3 mm, which is the radius of the Preston tube. 
The wall shear stress reduced by the average wall shear stress of the wall and the 
rod (-rw,av = 1.21 N/m2) shows no relevant difference between the heated and iso-
thermal data in a wall subchannel of the 37 -rod bundle. Even the shear stress distri-
bution in the 4-rod bundle shows good agreement with these results, which confirms 
the similarity of flow through wall channels of 4-rod- and 37 -rod bundles. Compared 
to the data obtained in a heated central channel of the 37 -rod bundle, the wall shear 
stress in the wall channel of the bundle is about 13% larger. The minimum value of 
't'w occurs in the rod-to-wall gap region and the maximum value at the position of 
maximum channel width. 
ln Fig.4 local wall temperatures of the heated and unheated wall bounding the wall 
channel are plotted versus mean temperatures of each boundary. As expected, the 
temperature gradient along the unheated wall is very small due to excellent thermal 
conductance of the wall material. The values of this unheated wall show a maximum 
in the rod-to-wall gap and decrease gradually with increasing distance from the gap. 
ln centrast to this the temperature distribution of the heated rod varies over a wider 
range with the minimum appearing at the position of maximum wall shear stress. The 
highest temperatures are reached in the rod-to-rod gap region. 
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3.2. Mean velocity and mean temperature distribution 
lsoline and x-y-plots of the time mean velocity are shown in Figs. 5 and 6. Time 
mean velocities are related to the bulk velocity of the wall channel Ub = 19.4 m/s. The 
distribution of time mean temperature is shown in Figs. 7 and 8. The bulk tempera-
turein the wall subchannel was Tb= 29.1°C and the difference (Tw-Tb) was 19.55°C. 
There is no relevant difference in the velocity data between the isothermal and the 
heated case. The temperature differences in the wall channel are very large com-
pared to a central channel, due to the proximity of an unheated wall. As expected, 
the temperature reaches its maximum value in the rod-to-rod gap region. 
The logarithmic plots of the radial velocity distribution, computed with local friction 
velocities (Figs. 9 and 10) follow the law of the wall u+=2.51ny++5 with reasonable 
agreement at most azimuthal positions. The logarithmic temperature profilas are 
shown in Figs. 11 and 12, tagether with the lines T=2.51n/, displaced by 1 K every 
secend angular position. Fig. 11 shows the logarithmic temperature profilas calcu-
lated with local friction velocities in accordance with the calculation of u +. Previous 
measurements in a heated central channel of our 37 -rod-bundle have shown that the 
logarithmic temperature profilas at different azimuthal positions would not collapse if 
local friction velocities were used. Therefore temperature profilas computed with the 
friction velocity averaged over the perimeter of the heated rod are presented in 
Fig. 12. The logarithmic profilas in Fig. 12 are slightly higher compared to Fig. 11, 
but the tendency to change its slope at different angular positions remains the same. 
The slope of the profilas is higher in the rod-to-wall gap and lower in the gap be-
tween two heated rods, the latter also being found in central channels. The tempera-
ture profiles, calculated with local friction velocities can be fitted by logarithmic laws 
that gradually change from 3.691n/-6.21 in the rod-to-wall gap to 2.321ny+ -0.25 in 
the gap between two heated rods. The reason for the deviation of these temperature 
profilas from a single logarithmic law is the extremely asymmetric temperature distri-
bution in the wall channel. 
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3.3. Turbulent intensities and kinetic energy 
All quantities displayed in isoline plots were scaled by values of the friction velocity 
and temperature that are averaged over the perimeter of the rod and along the wall. 
All data are shown for the heated case. The differences between the unheated case 
and the heated case were negligible. Compared to the data from measurements in 
central channels the variation of all three velocity components in azimuthal direction 
is larger. All turbulent intensities except for the radial velocity component are higher 
in the wall channel. 
The turbulent intensities in axial direction ~ lut,av• shown in Figs. 13 and 14, are 
much higher than in a central channel, where the maximum value of 1.9 was reached 
close to the wall. Here it reaches its maximum value of 2.6 near the line of maximum 
wall distance in the gap rod-to-wall at an angular position between 30° and 35°. The 
distribution of the turbulent intensities in radial direction (Figs. 15 and 16) close to 
the walls and at oo and 90° is similar tothat in central channels with ~I ut,av=0.9 
near the wall and 0.6 at the symmetry line. With increasing distance from the gap 
region the radial distribution becomes flatter. The turbulent intensities in azimuthal 
direction W I u't',av, shown in Figs. 17 and 18, are very high in the narrow rod-to-wall 
gap at the line of maximum wall distance (=1.9) and somewhat lower near the wall. 
This is due to the existence of large scale quasi-periodie velocity fluctuations in the 
rod gap regions. ln the rest of the wall channel the wall-parallel turbulent intensities 
are highest near the wall. Because the rod-to-rod gap is twice as wide as the rod-to-
wall gap, the large scale velocity fluctuations are less pronounced between the rods. 
The relative kinetic energy 
(1) 
in Figs. 19 and 20 is mainly governed by the intensity in axial direction, being the 
largest contributor in all positions except for the rod-to-wall gap region, where the 
azimuthal intensities are largest. The intensities of the temperature fluctuation 
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.Je /T't,av (Figs. 21 and 22) are larger than those of the central channel because of 
the asymmetric distribution of the temperature in wall channels. The maximum val-
ues are reached in the gap between two heated rods, independent of the wall dis-
tance. ln this region the temperature gradient in azimuthal direction and the intensity 
of the azimuthal velocity component both are large, which Ieads to an intensive ex-
change of fluid of different temperature. ln cantrast to this, the smallest values of the 
temperature fluctuation are measured near the unheated wall. The variation of the 
temperature fluctuation in azimuthal direction is negligible near the unheated wall 
and becomes most significant close to the heated rod at an angular position between 
35° and 75°, with its minimum value near 50°. 
3.4. Reynolds shear stress 
The scaled turbulent shear stresses normal to the wall -uv I u~.av (Figs. 23 and 24) 
and in azimuthal direction uw I u~.av show exactly the same distribution as for iso-
thermal flow in wall channels. Near the wall -uv I u~.av reaches the same values as in 
central channels and decreases linearly with increasing distance from the wall. The 
turbulent shear stress normal to the wall tends to zero at the line of maximum wall 
distance, where also the gradient of mean velocity in radial direction au I ay is equal 
to zero (Figs. 29 and 30). 
The scaled azimuthal shear stress uw I u~.av• shown in Figs. 25 and 26, is close to 
zero near the symmetry line at oo in the rod-to-wall gap region and between 60° and 
90° in the rod-to-rod gap region, where the azimuthal gradient of mean velocity 
au I 8cp vanishes (Figs. 31 and 32). The maximum values are reached at an angular 
position between 20° and 30° at the line of maximum wall distance, exactly in the 
region, where the highest values of the axial intensity ~I u't,av have been obtained. 
Compared to the results from measurements in central channels of this rod bundle 
the maximum values found in this wall channel are higher by a factor of about eight. 
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Values of the planar shear stress vw I u;,av have rarely been measured in the past. 
With an X-wire probe aligned with the mean flow direction the planar shear stress 
cannot be measured directly because the heat transfer from a given wire of the 
probe is dependent only on the component of velocity normal to the wire. lf the probe 
is rolled about its axis to the position 45° and 135° with respect to the start, vw can 
be determined as a difference between the obtained intensities normal to the probe 
axis [17]. As vw I u;,av is very small and is determined as a difference between two 
quantities, it may be expected to have considerable scatter. Nevertheless the planar 
shear stress measured by Hooper [18] in a six-rod bundle and our present results 
(Figs. 27 and 28) show some similarity in magnitude and distribution. ln the wall re-
gion values of about 0.2 are obtained for vw I u~.av• which decrease rapidly with in-
creasing wall distance. At the line of maximum velocity, high values are reached at 
angular positions where uw I u;,av is high, due to the influence of this component on 
the magnitude of vw I u~av· The unsteadiness of the data at the line of maximum ve-
locity is due to the choice of the coordinate system, which is not continual there. 
3.5. Turbulent heat flux 
The distribution of the turbulent heat flux in azimuthal direction we I u~.avT.,av• shown in 
Figs. 33 and 34, has some similarity to the measured azimuthal shear stress. At the 
position of maximum azimuthal shear stress (<p = 20°-30°) we I u~.av T.,av reaches its 
highest negative values of -1.2. The maximum positive values of 1.2 have been 
measured in the gap between two heated rods, where the intensity of the tempera-
ture fluctuation also has a maximum. At an angular position of 45°, we I u~.av lc,av is 
equal to zero, due to a vanishing azimuthal gradient of mean temperature aT I B<p 
(Figs. 41 and 42). ln cantrast to the data obtained in a heated central channel, the 
variation along the perimeter of the heated rod is very large, the maximum values of 
the azimuthal heat flux being about 3.5 times higher. 
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The scaled turbulent heat flux in axial direction, ue I u-;,av ~.av, shown in Figs. 35 and 
36, has its absolute maximum close to the wall at an angular position of 25°-30°, 
where both the intensity of the temperature and the axial velocity fluctuation reach 
high values. Additionally there is a local maximum near 75°-80° in the region of 
highest temperature fluctuations. On approaching the unheated wall the axial heat 
flux decreases to zero at the symmetry line. Compared to the results of a heated 
central channel ue I u-;av Tnv is higher by a factor of about 1. 7. 
At the heated wall the scaled turbulent heat flux in radial direction ve I u-;,av T-;,av 
(Figs. 37 and 38) is of the same magnitude as in central channels. lt has its maxi-
mum at <p = 30°-50° near the heated rod. From the line of maximum velocity towards 
the unheated wall ve I u-;,av T-r.av decreases almest linearly. The variation of the radial 
turbulent heat flux along the perimeter of the rod is small. Figs. 39 and 40 show the 
radial gradient of mean temperature 8T I ay that has its maximum values directly at 
the heated wall as expected. With increasing distance from the heated wall 8T I ay 
decreases continually. 
3.6. Eddy diffusivities of heat and momentum 
The eddy diffusivity of momentum or eddy viscosity normal to the wall is defined by 
-uv 
8 =---
mr 8U I 8y (2) 
Shown in Fig. 43 is the non-dimensional eddy viscosity 
(3) 
i.e. it is scaled by the average value of the friction velocity and the maximum profile 
length y max at <p=55o. The non-dimensional eddy viscosity in azimuthal direction and 
the non-dimensional eddy diffusivities of heat are derived in the same way. As for 
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central channels the eddy viscosities normal to the wall are slightly higher than the 
pipe data and are only a weak function of the azimuthal position. The non-
dimensional eddy diffusivities of heat in radial direction 
+- -ve 
ehr - -::-ar=--,..-- (4) 
-yu 8y 't,av 
presented in Fig. 44 are smaller than those of momentum, especially in the region 
next to the heated rod. ln a region near the unheated wall the uncertainty of the ra-
dial eddy diffusivity of heat is high since both, the turbulent radial heat flux ve and 
the radial gradient of mean temperature aT I ay tend to zero there. Nevertheless 
these data are published here for completeness. The radial turbulent Prandtl number 
Prtr, which is defined as the ratio between the eddy diffusivity of momentum and the 
eddy diffusivity of heat in radial direction takes values between 2 and 2.5 next to the 
heated rod. At Ionger distances from this wall Pr1r is close to unity, which is generally 
assumed for pipe flow. 
The non-dimensional eddy viscosity in azimuthal direction (Fig. 45) is defined by 
+ -uw 
Cma = 1 au A 
--y u Y B<p max 't,av 
(5) 
Because the gradient of mean velocity in azimuthal direction au I B<p is very small, 
reasonable values of s~aare available only at few positions and the scatter is quite 
large. The eddy viscosities in azimuthal direction are considerably higher than those 
normal to the walls, especially in the rod-to-wall gap region. The anisotropy, that is 
the ratio of the eddy diffusivities of momentum in azimuthal and radial direction is 
very high. Maximum values of about 100 are reached in the gap between rod and 
wall due to strong pulsations parallel to the wall. 
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The non-dimensional eddy diffusivity of heat in azimuthal direction 
(6) 
is plotted in Fig. 46. There are serious problems in evaluating s~a due to small gradi-
ents of mean temperature in azimuthal direction (see Figs. 41 and 42), especially in 
the rod-to-wall gap region and near the unheated wall and the scatter of the com-
puted data is expected to be quite large. ln regions where the azimuthal gradient of 
mean temperature is significant the turbulent Prandtl number parallel to the wall 
takes values between 1 and 2, like the radial turbulent Prandtl number. lt is not indi-
cated to determine an azimuthal turbulent Prandtl number in the rod-to-wall gap re-
gion and near the unheated wall, where aT I Bq> is close to zero. 
3. 7. Tripie correlations 
Tripie correlations are a part of the diffusion term of the transport equations that are 
the basis of recent approaches to solve the closure problern of turbulence. All ten 
triple correlations that can be computed from the three velocity components were 
measured. For the solution of the transport equation of the Reynolds stresses the 
correlation u3 is not necessary because it only appears as a derivation of the axial 
direction which is zero by definition in hydrodynamically developed flow. The corre-
lations v3 and w3 can be computed from each skewness Sv= v3 I (N)3 and 
Sw = w3 I (N)3 • The remaining seven triple correlations are discussed in the follow-
ing. The correlation u2v is shown in Fig. 47. The minimum value of u2w, shown in 
Figs. 48 and 49 is reached at an angular position of 40° at the line of maximum ve-
locity. The variation of this correlation along the perimeter of the rod is very small. 
The highest positive values of uv2 are reached at a position where the axial intensity 
also has its maximum. The correlation uv2 is very small in the whole wall channel, 
tagether with ~, v2w and uvw (Figs. 50-54}. The correlation u~ (Fig. 55 and 56) 
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has its minimum value of -1.5 at the line of maximum velocity between 30° and 40°. 
Directly in the rod-to-wall gap region the highest positive values of u~ are reached. 
The variation along the perimeter of the rod again is very small. 
3.8. Skewness and flatness 
The skewness of u, defined by Su = u3 I a~ with cru = N is shown in Figs. 57 and 58. 
The high negative values of the skewness of u near the center of the wall channel 
indicate the existence of high negative values of the axial velocity component. ln the 
rod-to-rod and rod-to-wall gap the skewness of u is positive, which indicates the 
preference of high positive fluctuations of u in this region. The skewness of v has its 
highest positive values at the rod and the highest negative values at the unheated 
wall (Figs. 59 and 60). This denotes the presence of high values of the radial com-
ponent that are oriented away from the walls. The variation of the skewness along 
the perimeter of the rod and along the wall is very small. The skewness of the azi-
muthal velocity component, shown in Figs. 61 and 62 has negative values almest in 
the entire wall channel. Consequently in the rod-to-wall gap region high values of the 
azimuthal fluctuation are oriented away from the gap in the direction of the wall 
channel and in the region between two rods these high values of w are directed from 
the wall channel into the gap. The skewness of e (Figs. 63 and 64) reaches its high-
est negative values of -1.0 in the rod-to-rod gap region where the fluctuation of tem-
perature .J82 has its maximum. ln Fig. 75 the maximum of the probability density 
function of the temperature fluctuations at position 3 is shifted to positive values, 
which corresponds to the negative skewness at this point. Negative values of the 
skewness signify the presence of temperature fluctuations that are often far below 
the time average .J82. At maximum wall distance near the symmetry line the skew-
ness of the temperature fluctuation has maximum values of about 1.5. 
The flatness or kurtosis of u, shown in Figs. 65 and 66 is defined by Ku = u4 I a~. The 
highest values of Ku are reached near the center of the wall channel, where the 
skewness of u has its minimum. High values of the flatness of u imply large devia-
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tions of the axial component from its time average. The minimum value of 2.2 is 
reached at an angular position between 25° and 35° where the axial intensity has its 
maximum. The probability density function at this point (position 2 in Fig. 73) is 
nearly symmetric with maxima at ± 2.5 m/s, which is characteristic for a sine wave 
with random noise. ln the rod-to-wall gap region and the gap between two rods the 
flatness of v (Figs. 67 and 68) reaches its maximum values of 4.1-4.4. ln the remain-
ing wall channel Kv takes values between 3.2 and 3.6 which characterizes a turbu-
lent motion that's nearly random. Directly in the rod-to-wall gap the flatness of w 
(Figs. 69 and 70) has its minimum value of 2.4. This is due to the existence of quasi-
periodie pulsations through the gap that are responsible for the somewhat periodic 
character of the azimuthal component (see also Fig. 74). ln Figs. 71 and 72 the flat-
ness of the temperature fluctuation has its minimum values of 2.2-2.4 at the angular 
positions between 25° and 30° and between 75° and 85° where the turbulent trans-
port of this scalar quantity is somewhat periodic. Maximum values of Ka are reached 
at the symmetry line of the wall channel near the unheated wall which indicates 
peaky time traces of the temperature fluctuation. 
3.9. Frequency analysis 
Auto- and cross-spectral power density functions of velocity and temperature fluc-
tuations were measured at selected positions to characterize the large scale eddies. 
The auto-spectral power density functions of both, the velocity and temperature 
fluctuations (Fig. 76) show characteristic frequencies of quasi-periodie pulsations in 
the narrow rod-to-wall gap. The maxima of these, which are a function of the mean 
velocity and the dimensions of the gap, occur at frequencies of about 50 to 60 Hz. ln 
the wider gap between two rods, the auto-spectral power density function of the azi-
muthal velocity component has its peak at a lower frequency of 30-40 Hz. Similar 
frequencies are also reflected by all cross-spectral power density functions. The ap-
pearance of similar frequencies in the spectra of both, velocity and temperature 
fluctuations, indicates the relationship between the involved transport processes. 
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4. CONCLUSION 
Measurements of turbulence in a wall subchannel of a heated rod bundle were per-
formed. The results compared to flow in heated central channels and isothermal wall 
channels of the same bundle indicate that: 
(1)The wall shear stress, mean velocity and all velocity fluctuations show the same 
distribution previously measured in a wall channel in isothermal flow. 
(2)The distribution of wall temperature at the heated rod varies over a wider range 
compared to a central channel. The highest temperatures are reached in the gap 
region between two heated rods. 
(3)The intensities of the axial and azimuthal velocity fluctuations reach higher values 
and are more dependent on the angular position than in comparable central 
channels. 
(4)The intensities of turbulent temperature fluctuations are larger than those meas-
ured in central channels. The maximum values are reached in the gap region be-
tween two heated rods. 
(S)Values of the planar shear stress, measured for the first time in a 37 -rod bundle, 
are very small compared to the other components of the Reynolds stress tensor. 
(6)The turbulent heat fluxes in axial and in azimuthal direction are higher than in a 
central channel. The variation of the azimuthal heat flux along the perimeter of the 
wall is very large. 
(7)The anisotropy, that is the difference between the eddy diffusivities in radial and 
in azimuthal direction is very large. 
(8)The power-spectra of turbulent velocity and temperature fluctuations show char-




















hydraulic diameter of the centrat channel [m], 
hydraulic diameter of the wall channel [m], 
rod diameter [m], 
rod pitch, distance between rod centers [m], 
distance between wall and rod plus D [m], 
length of rod bundle [m], 
relative kinetic energy of turbulence [-], 
wall heat flux [W/m2), 
Reynolds number [-], 
time mean fluid temperature [0 C], 
dimensionless temperature, (T w-T)IT~.av [-], 
average friction temperature, qw/pcpu~.av [0 C], 
local wall temperature [0 C], 
average wall temperature [°C], 
time mean velocity in axial direction [ms-1], 
dimensionless velocity, U/u~ [-], 
local friction velocity, ~-r:w I p [ms-1], 
average friction velocity [ms-1], 
fluctuating velocity in axial direction [ms-1], 
fluctuating velocity in radial direction [ms-1], 
fluctuating velocity in azimuthat direction [ms-1], 
ti. P . .J;J rms-1], 
distance normal to the wall [m], 
distance between wall and line of maximum velocity [m], 
maximum distance between wall and centerline [m], 
dimensionless distance from the wall, yuiv [-], 
eddy diffusivity of momentum, Eq. (2) [m2s-1], 
eddy diffusivity of heat, Eq. (5) [m2s-1], 









temperature fluctuation [K], 
.Je2 [K], 
kinematic viscosity [m2s-1], 
density of fluid (air) [kgm·\ 
local wall shear stress [Nm-2], 
average wall shear stress [Nm-2], 
angular coordinate with origin at the rod-to-wall gap [0 ], 
azimuthal coordinate with origin at the rod-to-wall gap [m], 
auto-spectral power density functions of velocity fluctuations [m2s"1], 
auto-spectral power density function of temperature fluctuations [K2s], 
cross-spectral power density function of velocity fluctuations [m2s-1], 
cross-spectral power density function of velocity and temperature 
fluctuations [Km]. 







time averaged quantities. 
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Fig. 1. Cross section of 37-rod bundle. 
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Fig. 2. Measuring positions in a wall channel. 
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Fig. 6 Gontourplot of relative time mean velocity 
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Fig. 12. Logarithmic profiles of the dimensionless temperature 
(average). 
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Fig. 20 Gontour plot of relative kinetic energy 
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Fig. 24 Gontour plot of relative normal shear stress 
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Fig. 34 Gontourplot of relative azimuthal heat flux 
4 4l [ gr d] 4 
-z [ mm] 
---
Cl 0 0 
C) 5 7 
3.2 ~ X ~~'~ -j ~ 10 13 3.2 + 15 20 
X 20 26 
~ 25 33 
+ 30 40 
;:{ 35 47 
~ 2.4 z 40 55 2.4 y 45 62 > 111 
1-p ):( so 70 ~--~ 
> * 55 76 > 111 111 
~ z 60 ~ ::s ::s 
-
• 65 
-I~ • 70 I~ 1.6 
.Ä 75 1.6 r -~-E;t (11 0 I I T 60 
~ 65 
• 90 
l I ~l .8 '\ I .8 
0 0 
0 .25 .5 .75 1 0 
y/y 
Fig. 35 Relative turbulent heat flux in axial direction 
-51-








Fig. 36 Gontourplot of relative axial heat flux 
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Fig. 42 Gontour plot of the azimuthal gradient of time mean temperature 
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Fig. 43 Dimensionless eddy viscosity in radial direction 
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Fig. 44 Dimensionless eddy diffusivity of heat in radial direction 
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Fig. 49 Gontour plot of the triple correlation of two axial 
components and the azimuthal component 
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Fig. 51 Gontourplot of the triple correlation of the axial component and 
two radial components 
.2 Ql EgrdJ .2 
--z [mmJ 
-
~ 0 0 
12) 5 7 
0.1 f- ~~ --1 L!l. 10 13 0.1 
+ 15 20 
X 20 26 
~ 25 33 
"!" 30 40 
X 35 47 
z 40 55 0 0 y 45 62 
ru p( 50 70 ru 






• 65 r~~ IN~ 70 • 
-.1 
O'l 
• 75 I \\\~ \ ~ -.j 
-.1 
T 80 I I 
.... 85 
• 90 
-.2 1- \ I ~ ...:.,.2 
-.3 -.3 
0 .25 .5 .75 1 0 .25 .5 .75 1 
y/y y/y 
Fig. 52 Tripie correlation of the radial component and two azimuthat components 
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Fig. 55 Tripie correlation of the axial and two azimuthal components 
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Fig. 56 Gontour plot of the triple correlation of the axial component 
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Fig. 60 Gontour plot of the skewness of the radial velocity component 
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Fig. 61 Skewness of the azimuthal velocity component 
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Fig. 64 Gontour plot of the skewness of the temperature fluctuation 
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Fig. 65 Flatness of the axial velocity component 
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Fig. 66 Gontour plot of the flatness of the axial velocity component 
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Fig. 67 Flatness of the radial velocity component 
-83-
0 












Fig. 68 Gontourplot of the flatness of the radial velocity component 
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Fig. 69 Flatness of the azimuthat velocity component 
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Fig. 70 Gontour plot of the flatness of the azimuthal velocity component 
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Fig. 73. Probability density function 
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Fig. 76. Spectra of velocity and temperature 
fluctuations. 
WALL SUBCHANNEL POSITION 0 mm REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48,65"C Wall heat flux q = 1,39 kWJm• 
Local friction velocity u• =0,933 m/s Local friction temperature T* =1,298 K 
Average friction velocity u•=1,019 m/s Average friction temperature T*=1,193 K 
Average Velocity in the wall cha Ub = 19,4 m/s Average fluid temperature Tb=29,1°C 
y/ymax y+ U/Ub U+ k+ u'Ju• v'/v* w'tw• u'v'/ u'w'/ -v'w'/ S(u) K(u) S(v) K(v) S(w) K(w) epsv epsw 
u•• u•• u•• 
0,351 91,000 0,755 15,490 3,620 1,950 0,747 1,697 0,476 -0,001 -0,132 0,092 2,875 -0,357 3,778 0,077 2,900 0,083 
0,398 102,400 0,766 15,730 3,616 1,946 0,717 1,711 0,441 -0,031 -0,110 0,092 2,893 -0,336 3,861 0,086 2,845 0,086 
0,468 119,600 0,782 16,040 3,583 1,933 0,694 1,717 0,408 -0,022 -0,158 0,115 2,896 -0,307 3,813 0,058 2,776 0,093 
0,585 148,200 0,807 16,560 3,684 1,925 0,665 1,795 0,347 -0,042 -0,168 0,133 2,851 -0,304 3,847 0,041 2,623 0,099 
0,702 176,800 0,821 16,850 3,669 1,901 0,639 1,820 0,271 -0,061 -0,198 0,143 2,887 -0,258 3,859 0,032 2,499 0,095 
0,936 234,000 0,853 17,510 3,690 1,849 0,592 1,901 0,105 0,002 -0,233 0,162 2,804 -0,094 3,952 0,011 2,362 




y/ymax Y+ (Tw-T)f T'/T* -u'T'/ v'T'/ w'T'/ S(T) K(T) eptv eptw u'•v'/ u'•w'/ u'v' 2 / u'v'"/ v''w'/ v'w' 2 / u'v'w'/ I (Tw-Tb) u•T• u•T• u•T• u .. u .. u•• u•• u•• u•• u•• 
0,351 91,000 1,092 0,812 0,511 0,056 -0,004 0,027 3,031 0,049 -0,171 0,440 -0,121 0,878 0,037 0,114 0,147 
0,398 102,400 1,067 0,847 0,455 0,081 -0,049 0,115 3,131 0,060 -0,135 0,561 -0,088 0,815 0,031 0,134 0,082 
0,468 119,600 1,063 0,894 0,468 0,093 -0,053 0,147 3,152 0,063 -0,119 0,526 -0,059 0,840 0,016 0,117 0,148 
0,585 148,200 1,030 0,982 0,531 0,118 -0,039 0,189 3,178 0,069 -0,115 0,556 -0,042 1,035 0,033 0,117 0,124 
0,702 176,800 1,009 1,061 0,584 0,150 -0,065 0,272 3,183 0,076 -0,154 0,715 -0,038 1,002 0,032 0,115 0,123 
0,936 234,000 0,926 1,250 0,848 0,207 -0,092 0,259 2,979 -0,091 0,730 0,009 1,241 0,006 0,049 0,115 
1,000 249,700 0,919 1,314 0,980 0,222 -0,064 0,224 2,931 -0,084 0,716 0,011 1,388 -0,005 0,013 0,077 
TABLE I 
WALL SUBCHANNEL POSITION 13 mm REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48,65°C Wall heat flux q=1,39 kW/m2 
Local friction velocity u• =0,941 m/s Local friction temperature T"=1,288K 
Average friction velocity u•=1,019m/s Average friction temperature T" =1, 193 K 
Averagevelocity in the wall clla Ub = 19,4 m/s Average fluid temperature Tb=29,PC 
y/ymax y+ U/Ub U+ k+ u'/u* v'/v* w'/w* u'v'/ u'w'/ -v'w'/ S(u) K(u) S(v) K(v) S(w) K(w) epsv epsw 
u .. u .. u .. 
0,310 91,700 0,761 15,500 3,561 2,042 0,760 1,542 0,540 0,883 -0,133 0,117 2,844 -0,315 3,796 0,201 3,057 0,115 11,594 
0,351 103,200 0,769 15,650 3,604 2,053 0,752 1,558 0,532 0,860 -0,155 0,128 2,819 -0,276 3,754 0,231 3,092 0,115 9,969 
0,413 120,500 0,787 16,020 3,607 2,044 0,727 1,583 0,504 0,937 -0,170 0,139 2,796 -0,233 3,835 0,220 3,005 0,112 26,367 
0,516 149,300 0,805 16,390 3,633 2,045 0,701 1,611 0,478 1,112 -0,204 0,158 2,741 -0,169 3,829 0,204 2,892 0,114 16,847 
0,620 178,200 0,827 16,840 3,656 2,041 0,678 1,639 0,436 1,211 -0,257 0,135 2,715 -0,146 3,927 0,265 2,824 0,116 15,901 
0,826 235,800 0,856 17.430 3,711 2,010 0,643 1,723 0,321 1,443 -0,365 0,140 2,643 0,007 4,026 0,311 2,646 13,540 
1,000 284,400 0,875 17,820 3,730 1,997 0,643 1,748 0,221 1,504 -0,415 0,149 2,591 0,243 4,170 0,303 2,526 
I 
y/ymax y+ (Tw-n/ T'/T. -u'T'/ v'T'/ w'T'/ S(T) K(T) eptv eptw u' 2v'/ u'•w'/ u'v' 2 / u'v'•J v'•w'/ v'w''l u'v'w'/ ~ 
(Tw-Tb) u•T* u•T* u•T• u .. u•• u•• u .. u•• u .. u .. 
0,310 91,700 1,107 0,835 0,580 0,040 0,308 -0,051 2,970 0,045 3,365 0,009 -0,934 -0,077 0,316 0,032 0,073 0,154 
0,351 103,200 1,082 0,870 0,583 0,051 0,300 0,034 2,968 0,050 2,383 0,020 -0,934 -0,053 0,377 0,000 0,066 0,161 
0,413 120,500 1,065 0,912 0,624 0,053 0,345 0,022 2,999 0,049 2,741 0,098 -1,048 -0,016 0,356 0,017 0,054 0,164 
0,516 149,300 1,051 0,981 0,677 0,073 0,401 0,062 3,023 0,056 2,236 0,090 -1,147 0,013 0,370 0,046 0,027 0,167 
0,620 178,200 1,030 1,062 0,743 0,082 0,424 0,124 3,027 0,056 2,268 0,087 -1,025 0,023 0,301 0,023 0,018 0,157 
0,826 235,800 0,992 1,231 0,952 0,113 0,557 0,169 2,926 2,029 0,106 -1,001 0,066 0,243 0,048 -0,067 0,120 
1,000 284,400 0,922 1,411 1,300 0,133 0,619 0,076 2,815 0,165 -0,850 0,101 0,336 0,046 -0,138 0,077 
TAB LE I cont. 
WALL SUBCHANNEL POSITION 26 mm REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48,65°C Wall heat flux q = 1,39 kWtm• 
Local friction velocity u• =0,943 m/s Local friction temperature T*=1,285 K 
Average friction velocity u• = 1,019 m/s Average friction temperature T* =1,193 K 
Averagevelocity in the wall cha Ub = 19.4 m/s Average fluid temperature Tb=29,1•c 
y/ymax y+ U/Ub U+ k+ u'tu• v'Jv• w'tw• u'v'/ u'w'/ -v'w'/ S(u) K(u) S(v) K(v) S(w) K(w) epsv epsw 
u*' u•• u*' 
0,232 91,900 0,771 15,660 3,832 2,301 0,810 1,308 0,633 1,013 -0,089 0,213 2,766 -0,305 3,916 0,070 3,299 0,085 5,544 
0,263 103,500 0,783 15,900 3,862 2,319 0,794 1,310 0,634 1,045 -0,107 0,234 2,744 -0,234 3,886 0,078 3,278 0,089 3,678 
0,309 120,800 0,802 16,280 3,885 2,313 0,780 1,346 0,637 1,145 -0,124 0,253 2,722 -0,176 3,914 0,116 3,313 0,095 3,844 
0,386 149.700 0,824 16,730 4,002 2,357 0,768 1,364 0,643 1,300 -0,140 0,250 2,634 -0,141 3,911 0,101 3,265 0,106 4,685 
0.464 178,600 0,843 17,130 4,051 2,369 0,752 1,387 0,637 1.481 -0,180 0,240 2,598 -0,111 3,938 0,145 3,173 0,118 4,974 
0,618 236.400 0,880 17,870 4,164 2,393 0,728 1.440 0,630 1,777 -0,252 0,208 2.462 -0,065 3,931 0,226 3,131 0,155 4,955 
0,773 294,200 0,907 18.420 4,178 2,388 0,716 1.464 0,599 1,993 -0,327 0,203 2,388 0,108 4,038 0,321 2,973 0,217 5.454 
0,927 352,000 0,924 18,760 4,195 2,359 0,718 1,521 0,540 2,209 -0,378 0,180 2,357 0,241 4,026 0.407 2,954 5,267 




y/ymax y+ (Tw-T)/ T'/T* -u'T'/ v'T'/ w'T'/ S(T) K(TJ eptv eptw u' 2v'/ u' 2w'/ u'v' 2 / u'v' 2/ v'2w'/ v'w''/ u'v'w'/ 
(Tw-Tb) u*T* u*T* u•T• u .. u*' u*' u .. u•• u•• u .. 
0,232 91,900 1,139 0,868 0.780 0,027 0,395 0,081 2,922 0,045 1,682 0,141 -0,841 -0,035 0,249 -0,001 0,041 0,133 
0,263 103,500 1.138 0,883 0,802 0,021 0,396 0,059 2,753 0,040 1.436 0,236 -0,838 0,011 0,208 -0,022 0,019 0,164 
0,309 120,800 1,127 0,922 0,821 0,025 0.481 0,083 2,774 0,041 1,519 0,297 -0,817 0,060 0,041 -0,021 0,031 0,152 
0,386 149,700 1,118 0,987 0,939 0,024 0,524 0,111 2,835 0,039 1,603 0,333 -0,915 0,092 0,094 -0,046 -0,018 0,130 
0.464 178,600 1.112 1,042 0,991 0,028 0,561 0,158 2,826 0,039 1,802 0,344 -0,934 0,122 -0,078 -0,043 -0,045 0,125 
0,618 236.400 1,087 1.167 1,218 0,025 0,723 0,217 2,721 0,034 1,706 0,264 -0,625 0,126 -0,385 -0,042 -0,108 0,063 
0,773 294,200 1,053 1,315 1.436 0,028 0,866 0,210 2,649 0,032 1.437 0,283 -0.427 0,189 -0.741 -0,026 -0,211 -0,060 
0,927 352,000 0,999 1.453 1,658 0,042 0,983 0,199 2,587 1,318 0,246 -0,077 0,211 -0,933 -0,012 -0,279 -0,193 
1,000 379,200 0,966 1,537 1,855 0,035 1,018 0,150 2,506 0,275 0,086 0,211 -1,034 -0,014 -0,306 -0,233 
TAB LE I cont. 
WALL SUBCHANNEL POSITION 40 mm REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48,65°C Wall heat flux q=1,39 kWtm• 
Local friction velocity u• =0,985 m/s Local friction temperature T-=1,230 K 
Average friction velocity u• = 1,019 m/s Average friction temperature T" =1, 193 K 
Averagevelocity in the wall cha Ub = 19,4 m/s Average fluid temperature Tb=29,1°C 
y/ymax y+ U/Ub U+ k+ u'tu• v'/v* w'tw• u'v'/ u'w'/ -v'w'/ S(u) K(u) S(v) K(v) S(w) K(w) epsv epsw 
u .. u•• u .. 
0,162 95,900 0,812 15,800 3,809 2,272 0,836 1,326 0,649 0,611 ·0,062 0,102 2,724 ·0,312 3,944 0,106 3,369 0,052 0,822 
0,183 108,000 0,826 16,070 3,845 2,294 0,823 1,323 0,638 0,694 ·0,063 0,116 2,720 ·0,248 3,943 0,084 3,355 0,056 1,066 
0,215 126,100 0,842 16,370 3,878 2,302 0,813 1,341 0,658 0,778 ·0,064 0,117 2,677 ·0, 190 3,825 0,040 3,259 0,066 1,046 
0,269 156,300 0,867 16,860 3,886 2,307 0,804 1,343 0,643 0,795 ·0,073 0,130 2,642 ·0, 171 3,887 0,038 3,238 0,078 0,983 
0,323 186,400 0,891 17,330 3,967 2,342 0,805 1,343 0,670 0,908 ·0,063 0,119 2,560 ·0, 135 3,846 0,007 3,138 0,096 1,285 
0,431 246,800 0,925 18,000 3,993 2,361 0,788 1,338 0,649 1,074 ·0,069 0,096 2,459 ·0,096 3,829 0,004 3,097 0,120 1,604 
0,539 307,100 0,947 18,420 4,095 2,400 0,784 1,347 0,648 1,303 ·0, 114 0,060 2,371 ·0,061 3,808 0,030 3,036 0,142 1,507 
0,646 367,500 0,973 18,930 4,187 2,447 0,779 1,334 0,657 1,481 ·0,157 0,047 2,265 ·0,015 3,779 0,078 3,039 0,170 1,448 
0,862 488,100 1,009 19,630 4,432 2,528 0,788 1,361 0,664 1,890 ·0,280 ·0,029 2,135 0,162 3,698 0,241 3,024 1,799 
1,000 565,700 1,017 19,790 4,540 2,576 0,813 1,335 0,653 2,069 ·0,354 ·0,076 2,096 0,262 3,774 0,322 3,016 (I) 
"' I 
y/ymax Y+ <Tw-nt T'fT• ·u'T'/ v'T'/ w'T'/ S(TJ Ktn eptv eptw u'•v'/ u' 2w'/ u'v'•t u'v'•t v'•w'/ v'w'•t u'v'w'/ (Tw·Tb) u•T• u*T* u*T* u .. u•• u .. u .. u•• u .. u•• 
0,162 95,900 1,197 0,872 0,742 0,012 0,385 0,416 3,149 0,039 0,915 0,110 0,104 ·0,061 0,483 0,074 0,073 0,095 
0,183 108,000 1,197 0,904 0,779 0,018 0,405 0,455 3,216 0,043 0,855 0,096 0,025 ·0,013 0,473 0,048 0,054 0,107 
0,215 126,100 1,205 0,927 0,816 0,018 0,443 0,444 3,151 0,042 0,828 0,174 0,138 0,017 0,438 0,054 0,048 0,113 
0,269 156,300 1,203 0,989 0,872 0,030 0,518 0,546 3,197 0,049 0,996 0,190 0,153 0,046 0,369 0,023 0,037 0,118 
0,323 186,400 1,186 1,036 0,966 0,022 0,548 0,546 3,080 0,042 1,103 0,218 0,191 0,091 0,263 0,040 0,013 0,081 
0,431 246,800 1,183 1,126 1,130 0,035 0,638 0,640 3,088 0,048 1,017 0,194 0,629 0,114 0,031 ·0,009 ·0,015 0,074 
0,539 307,100 1,170 1,241 1,384 0,034 0,782 0,687 2,914 0,043 0,993 0,130 0,997 0,139 ·0,275 ·0,038 ·0,067 ·0,021 
0,646 367,500 1,156 1,330 1,511 0,040 0,826 0,801 2,972 0,044 0,893 0,002 1,100 0,134 ·0,520 ·0,076 ·0, 106 ·0,083 
0,862 488,100 1 '1 01 1,543 1,974 0,032 1,071 0,838 2,712 0,859 ·0,186 2,142 0,160 ·1 ,323 ·0,052 ·0,253 ·0,371 
1,000 565,700 1,067 1,686 2,366 0,015 1,154 0,802 2,585 ·0,309 2,498 0,156 ·1 ,504 ·0,040 ·0,288 ·0,524 
TAB LE I cont. 
WALL SUBCHANNEL POSITION 55 mm REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48_65°C Wall heat flux q = 1,39 kW/m' 
Local friction velocity u• = 1,056 m/s Local friction temperature T•=1,148 K 
Average friction velocity u•=1,019 m/s Average friction temperature P =1,193 K 
Averagevelocity in the wall cha Ub = 19,4 m/s Average fluid temperature Tb=29,1°C 
y/ymax y+ U/Ub U+ k+ u'/u* v'Jv• w'Jw• u'v'/ u'w'/ -v'w'/ S(u) K(u) S(v) K(v) S(w) K(w) epsv epsw 
u•• u"' u•• 
0,112 101,700 0,869 15,940 3,707 2,089 0,848 1,527 0,681 0,334 -0,076 -0,011 2,782 -0,299 3,681 0,116 3,176 0,040 0,328 
0,126 114,500 0,885 16,250 3,760 2,098 0,842 1,552 0,660 0,429 -0,053 -0,014 2,770 -0,261 3,732 0,069 3,163 0,041 0,422 
0,149 133,700 0,899 16,500 3,729 2,077 0,843 1,560 0,660 0,433 -0,040 -0,016 2,777 -0,210 3,610 0,085 3,071 0,045 0,455 
0,186 165,600 0,930 17,070 3,734 2,094 0,840 1,542 0,665 0,444 -0,023 -0,020 2,731 -0,152 3,539 0,063 3,083 0,053 0,460 
0,223 197,600 0,950 17,450 3,716 2,086 0,846 1,538 0,674 0,414 -0,022 -0,048 2,730 -0,152 3,531 0,053 3,056 0,063 0,402 
0,297 261,600 0,988 18,130 3,669 2,061 0,854 1,537 0,631 0,491 0,008 -0,072 2,726 -0,134 3,509 0,056 2,969 0,077 0,438 
0,372 325,500 1,019 18,710 3,588 2,049 0,853 1,501 0,603 0,504 0,013 -0,094 2,675 -0,134 3,462 0,034 3,003 0,092 0,413 
0,446 389,500 1,047 19,220 3,572 2,064 0,860 1,464 0,592 0,619 0,041 -0,139 2,597 -0,127 3,507 0,038 2,982 0,109 0,502 
0,595 517,400 1,080 19,820 3,528 2,100 0,841 1,392 0,521 0,762 0,012 -0,227 2,505 -0,079 3,463 0,058 2,976 0,129 
0,743 645,300 1,109 20,360 3,526 2,162 0,834 1,297 0,486 0,917 -0,042 -0,351 2,486 -0,072 3,462 0,126 3,090 0,165 CO 
""" 0,929 805,200 1,132 20,780 3,654 2,255 0,835 1,235 0,478 1,170 -0,135 -0,489 2,529 0,036 3,536 0,234 3,221 I 1,000 866,200 1,139 20,910 3,619 2,258 0,840 1,196 0,451 1,190 -0,169 -0,540 2,576 0,079 3,471 0,261 3,236 
y/ymax y+ (Tw-T)/ T'JT• -u'T'/ v'T'/ w'T'/ S(TJ K(T) eptv eptw u''v'/ u''w'/ u'v"/ u'v''/ v'•w'/ v'w''/ u'v'w'/ 
(Tw-Tb) u*T* u*T* u*T* u .. u .. u .. u .. u .. u .. u .. 
0,112 101,700 1,285 0,842 0,410 0,005 0,407 0,540 3,188 0,036 0,666 -0,142 0,004 -0,177 0,383 0,061 0,049 0,091 
0,126 114,500 1,259 0,873 0,438 0,014 0,444 0,531 3,143 0,043 0,675 -0,141 0,098 -0,148 0,441 0,060 0,035 0,082 
0,149 133,700 1,272 0,888 0,428 0,014 0,464 0,609 3,263 0,043 0,745 -0,064 0,112 -0,107 0,333 0,036 0,045 0,099 
0,186 165,600 1,271 0,938 0,485 0,028 0,484 0,643 3,201 0,052 0,711 -0,124 0,226 -0,081 0,305 0,048 0,034 0,120 
0,223 197,600 1,271 0,983 0,538 0,037 0,541 0,743 3,305 0,058 0,768 -0,162 0,275 -0,088 0,149 0,035 0,033 0,084 
0,297 261,600 1,274 1,035 0,593 0,058 0,605 0,850 3,478 0,070 0,746 -0,153 0,516 -0,099 -0,037 0,026 0,010 0,091 
0,372 325,500 1,255 1,120 0,775 0,064 0,658 0,995 3,570 0,071 0,737 -0,145 0,556 -0,094 -0,059 0,024 0,010 0,106 
0,446 389,500 1,272 1,163 0,849 0,081 0,699 1,110 3,764 0,079 0,708 -0,203 0,829 -0,124 -0,342 0,015 -0,001 0,086 
0,595 517,400 1,251 1,288 1,132 0,100 0,768 1,295 3,777 0,082 -0,122 1,476 -0,098 -0,572 -0,003 -0,026 0,065 
0,743 645,300 1,239 1,427 1,406 0,104 0,799 1,446 3,728 0,076 -0,260 2,109 -0,124 -0,958 -0,002 -0,076 -0,062 
0,929 805,200 1,193 1,610 1,760 0,116 0,895 1,531 3,490 -0,590 2,826 -0,181 -1,262 -0,005 -0,156 -0,267 
1,000 866,200 1,189 1,672 1,889 0,125 0,857 1,512 3,425 -0,655 2,853 -0,191 -1,252 0,019 -0,184 -0,377 
TABLE I cont. 
WALL SUBCHANNEL POSITION 70 mm REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48,65°C Wall heat flux q = 1,39 kW/m 2 
Local friction velocity u• = 1,085 m/s Local friction temperature T'=1,117 K 
Average friction velocity u•=1,019 m/s Average friction temperature T' =1,193 K 
Averagevelocity in the wall cha Ub = 19,4 m/s Average fluid temperature Th=29,1°C 
y/ymax y+ U/Ub U+ k+ u'/u* v'/v* w'/w* u'v'/ u'w'/ -v'w'/ S(u) K(u) S(v) K(v) S(w) K(w) epsv epsw 
u .. u .. u .. 
0,078 105,900 0,910 16,030 3,810 2,024 0,849 1,674 0,683 0,069 -0,119 0,041 2,762 -0,301 3,677 0,058 3,060 0,031 0,198 
0,088 119,300 0,923 16,260 3,807 2,016 0,848 1,682 0,681 0,102 -0,116 0,046 2,740 -0,254 3,607 0,043 3,008 0,033 0,209 
0,104 139,300 0,940 16,560 3,859 2,031 0,853 1,694 0,723 0,102 -0,091 0,013 2,727 -0,207 3,618 -0,004 2,971 0,037 0,217 
0,130 172,600 0,968 17,050 3,835 2,013 0,854 1,700 0,712 0,137 -0,077 0,002 2,713 -0,153 3,420 -0,001 2,940 0,041 0,280 
0,156 205,900 0,991 17,450 3,787 2,005 0,863 1,675 0,733 0,135 -0,062 -0,021 2,720 -0,123 3,437 0,006 2,967 0,048 0,242 
0,208 272,500 1,032 18,180 3,701 1,975 0,870 1,656 0,731 0,174 -0,049 -0,078 2,706 -0,095 3,292 0,020 2,905 0,059 0,331 
0,260 339,100 1,063 18,740 3,502 1,915 0,880 1,600 0,698 0,140 0,003 -0,122 2,727 -0,126 3,342 0,016 2,939 0,069 0,222 
0,312 405,800 1,093 19,250 3,355 1,876 0,890 1,549 0,693 0,138 0,006 -0,172 2,746 -0,114 3,273 0,045 2,985 0,082 
0,416 539,000 1,135 20,000 2,977 1,774 0,878 1,427 0,613 0,179 0,010 -0,260 2,793 -0,138 3,318 0,081 3,127 0,098 
0,519 672,300 1,168 20,570 2,666 1,691 0,857 1,317 0,536 0,180 0,022 -0,333 2,826 -0,146 3,337 0,090 3,240 0,105 c:o 
0,649 838,900 1,203 21 '190 2,353 1,616 0,824 1 '191 0,432 0,242 0,002 -0,506 3,053 -0,227 3,477 0,155 3,379 0,107 (11 
0,779 1005,400 1,224 21,570 2,133 1,569 0,788 1,087 0,332 0,317 -0,027 -0,706 3,483 -0,197 3,562 0,219 3,605 0,113 I 
1,000 1289,000 1,254 22,080 1,869 1,502 0,754 0,957 0,201 0,370 -0,089 -0,961 4,290 -0,102 3,658 0,304 3,775 
y/ymax Y+ (Tw-T)/ T'/T' -u'T'/ v'T'/ w'T'/ S(T) K(T) eptv eptw u'•v'/ u'•w'/ u'v' 2 / u'v'•t v'•w'/ v'w'•t u'v'w'/ (Tw-Tb) u*T ... u*T* u*T* u .. u .. u .. u .. u .. u .. u .. 
0,078 105,900 1,299 0,725 0,098 -0,020 0,310 0,623 3,898 0,017 0,521 -0,213 -0,121 -0,196 0,425 0,025 0,060 0,133 
0,088 119,300 1,334 0,739 0,078 -0,015 0,332 0,658 3,993 0,021 0,575 -0,176 -0,267 -0,161 0,413 0,015 0,042 0,127 
0,104 139,300 1,322 0,752 0,069 -0,018 0,334 0,695 4,075 0,019 0,619 -0,189 -0,177 -0,143 0,418 0,024 0,037 0,108 
0,130 172,600 1,338 0,782 0,075 -0,006 0,349 0,753 4,165 0,028 0,623 -0,196 -0,169 -0,125 0,366 0,015 0,018 0,122 
0,156 205,900 1,336 0,820 0,092 -0,005 0,353 0,823 4,313 0,028 0,447 -0,214 -0,108 -0,110 0,211 0,018 0,022 0,098 
0,208 272,500 1,334 0,863 0,095 0,017 0,391 0,929 4,527 0,044 0,544 -0,322 0,010 -0,132 -0,024 0,021 0,006 0,068 
0,260 339,100 1,341 0,900 0,140 0,024 0,376 1,035 4,742 0,048 0,613 -0,365 0,047 -0,182 -0,200 0,022 0,005 0,067 
0,312 405,800 1,335 0,930 0,147 0,040 0,384 1 '101 4,900 0,058 -0,407 0,067 -0,194 -0,362 0,025 0,000 0,073 
0,416 539,000 1,346 0,989 0,172 0,083 0,336 1,183 4,929 0,084 -0,478 0,076 -0,246 -0,555 0,015 -0,006 0,084 
0,519 672,300 1,349 1,049 0,178 0,118 0,293 1,286 5,014 0,100 -0,399 0,236 -0,275 -0,555 0,044 -0,005 0,081 
0,649 838,900 1,321 1,177 0,249 0,154 0,301 1,433 4,871 0,111 -0,387 0,500 -0,298 -0,574 0,029 -0,003 0,062 
0,779 1005,400 1,319 1,323 0,317 0,214 0,290 1,506 4,493 0,131 -0,344 0,804 -0,292 -0,654 0,033 -0,045 -0,004 
1,000 1289,000 1,252 1,595 0,531 0,289 0,207 1,421 3,701 -0,353 1,001 -0,278 -0,574 0,045 -0,091 -0,116 
TABLE I cont. 
WALL SUBCHANNEL ANGULAR POSITION 0° REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48,65°C Wall heat flux q = 1,39 kWtm• 
Local friction velocity u• =0,951 m/s Local friction temperature P=1,274 K 
Average friction velocity u•=1,019m/s Average friction temperature P=1, 193 K 
Average Velocity in the wall cha Ub = 19,4 m/s Average fluid temperature Tb=29,1°C 
y/ymax v+ U/Ub U+ k+ u'tu• v'/v* w'/w* u'v'/ u'w'/ -v'w'/ S(u) K(u) S(v) K(v) S(w) K(w) epsv epsw 
u•• u•• u•• 
0,346 92,700 0,777 15,640 3,782 1,960 0,761 1,773 0,476 0,020 -0,179 0,129 2,881 -0,297 3,748 -0,097 2,775 
0,393 104,400 0,782 15,750 3,767 1,948 0,732 1,789 0,445 -0,018 -0,172 0,112 2,877 -0,311 3,810 -0,080 2,708 
0,462 121,900 0,796 16,020 3,759 1,932 0,706 1,813 0,403 0,084 -0,202 0,104 2,832 -0,303 3,781 -0,074 2,635 
0,577 151,100 0,818 16,470 3,691 1,902 0,658 1,826 0,303 0,015 -0,230 0,123 2,847 -0,305 3,781 -0,045 2,518 
0,693 180,200 0,840 16,910 3,673 1,863 0,619 1,869 0,212 0,017 -0,239 0,111 2,781 -0,291 3,865 -0,036 2,396 
0,924 238,600 0,846 17,020 3,527 1,801 0,573 1,866 0,028 0,035 -0,208 0,160 2,756 -0,130 4,049 -0,019 2,359 




y/ymax y+ (Tw-nt T'/T' -u'T' I v'T'/ w'T'/ S(T) K(T) eptv eptw u''v'/ u''w'/ u'v''/ u'v''/ v' 2w'/ v'w' 2/ u'v'w'/ I (Tw-Tb) u*T* u*T* u*T* u .. u .. u .. u .. u .. u .. u .. 
0,346 92,700 0,464 1,582 2,048 0,320 -0,149 -0,171 3,008 -0,095 0,622 -0,100 0,760 -0,091 0,108 0,072 
0,393 104,400 0,518 1,562 1,984 0,320 -0,132 -0,155 2,973 -0,072 0,669 -0,081 0,791 -0,075 0,113 0,151 
0,462 121,900 0,590 1,531 1,896 0,314 -0,110 -0,202 3,007 -0,071 0,579 -0,065 0,965 -0,080 0,133 0,126 
0,577 151,100 0,677 1,503 1,755 0,294 -0,122 -0,180 2,939 -0,081 0,760 -0,049 1,071 -0,049 0,098 0,200 
0,693 180,200 0,722 1,487 1,602 0,283 -0,116 -0,153 2,904 -0,046 0,662 -0,019 1,109 -0,055 0,091 0,173 
0,924 238,600 0,858 1,390 1,173 0,244 -0,083 0,108 2,860 0,008 0,745 0,008 1,325 -0,018 0,057 0,107 
1,000 257,900 0,891 1,343 1,004 0,224 -0,088 0,201 2,921 0,054 0,710 0,005 1,215 -0,011 -0,010 0,054 
TABLE I cont. 
WALL SUBCHANNEL ANGULAR POSITION 10° REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48_65°C Wall heat flux q=1,39 kWtm• 
Local friction velocity u• =0,960 m/s Local friction temperature P=1,263 K 
Average friction velocity u• =1,019 m/s Average friction temperature P =1,193 K 
Averagevelocity in the wall cha Ub = 19,4 m/s Average fluid temperature Tb=29,1°C 
y/ymax y+ U/Ub U+ k+ u'tu• v'tv• w'tw• u'v'/ u'w'/ -v'w'/ S(u) K(u) S(v) K(v) S(w} K(w} epsv epsw 
u•• u•• u•• 
0,310 93,600 0,784 15,630 3,838 2,083 0,780 1,652 0,511 1,115 -0,079 0,152 2,792 -0,295 3,773 0,024 2,978 0,109 16,021 
0,351 105,400 0,790 15,750 3,782 2,064 0,750 1,656 0,473 1,139 -0,091 0,137 2,781 -0,288 3,806 0,068 2,880 0,100 9,543 
0,413 123,000 0,812 16,190 3,717 2,033 0,724 1,666 0,426 1,152 -0,087 0,144 2,750 -0,289 3,878 0,094 2,834 0,092 11,587 
0,516 152,400 0,830 16,550 3,735 2,034 0,683 1,693 0,358 1,250 -0,093 0,141 2,711 -0,274 3,859 0,160 2,747 0,087 12,566 
0,620 181,900 0,847 16,900 3,696 2,010 0,644 1,714 0,276 1,369 -0,045 0,130 2,663 -0,285 4,031 0,185 2,621 0,085 9,492 
0,826 240,700 0,871 17,380 3,599 1,945 0,594 1,750 0,119 1,474 -0,009 0,141 2,609 -0,199 4,301 0,262 2,485 8,984 




y/ymax y+ (Tw-TJ/ T/T• -u'T'/ v'T'/ w'T'/ S(TJ K(TJ eptv eptw u'•v'/ u'•w'/ u'v' 2 / u'v'•t v' 2w'/ v'w'•t u'v'w'/ I (Tw-Tb} u•T• u•T• u•T ... u•• u•• u•• u•• u"' u"' u•• 
0,310 93,600 0,500 1,731 2,494 0,313 0,626 -0,464 3,038 0,035 3,924 -0,088 -0,787 -0,074 0,317 -0,097 0,075 -0,006 
0,351 105,400 0,537 1,718 2,418 0,315 0,643 -0,506 3,026 0,040 4,237 -0,083 -0,885 -0,054 0,385 -0,102 0,072 0,004 
0,413 123,000 0,596 1,670 2,269 0,295 0,641 -0,499 3,041 0,045 4,335 -0,084 -0,947 -0,036 0,183 -0,073 0,068 -0,020 
0,516 152,400 0,660 1,646 2,192 0,301 0,644 -0,465 2,950 0,057 4,728 -0,115 -0,885 -0,017 0,329 -0,045 0,081 -0,013 
0,620 181,900 0,733 1,618 2,046 0,294 0,703 -0,417 2,908 0,067 5,473 -0,109 -0,824 0,007 0,226 -0,016 0,059 -0,028 
0,826 240,700 0,850 1,537 1,644 0,269 0,635 -0,188 2,773 5,436 -0,075 -0,706 0,046 0,318 0,007 0,036 0,041 
1,000 290,300 0,929 1,430 1,309 0,235 0,567 0,081 2,803 0,006 -0,810 0,061 0,348 0,039 -0,043 0,014 
TABLE I cont. 
WALL SUBCHANNEL ANGULAR POSITION 20° REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48,65°C Wall heat flux q = 1,39 kWJm• 
Local friction velocity 0,978 m/s Local friction temperature T*=1,240 K 
Average friction velocity u*=1,019m/s Average friction temperature T* =1, 193 K 
Average Velocity in the wall cha Ub=19A m/s Average fluid temperature Tb=29,1°C 
y/ymax y+ U/Ub U+ k+ u'/u* v'/v* w'/w* u'v'/ u'w'/ -v'w'/ S(u) K(u) S(v) K(v) S(w) K(w) epsv epsw 
u•• u•• u•• 
0,232 95,300 0,798 15,620 4,008 2,318 0,809 1A10 0,581 1,384 -0,082 0,255 2,689 -0,266 3,927 -0,113 3,192 0,081 4.420 
0,263 107,300 0,819 16,030 3,956 2,310 0,789 1,398 0,560 1.442 -0,055 0,252 2,666 -0,220 3,838 -0,090 3,198 0,081 4.421 
0,309 125,300 0,829 16,230 3,954 2,304 0,772 1.416 0,554 1,512 -0,041 0,261 2,641 -0,258 4,022 -0,042 3,136 0,087 5,037 
0,386 155,300 0,849 16,630 3,955 2,309 0,742 1.425 0,524 1,654 -0,018 0,224 2,561 -0,207 3,990 0,066 3,088 0,094 4,784 
OA64 185,200 0,874 17,120 4,018 2,331 0,714 1.447 OA61 1,799 -0,010 0,234 2,514 -0,196 4,051 0,143 3,053 0,097 5.408 
0,618 245,200 0,904 17,700 4,009 2,314 0,677 1.484 0,379 2,027 0,037 0,194 2.408 -0,166 4,278 0,280 2,929 0,122 5,094 
0,773 305,100 0,920 18,010 3,957 2,294 0,656 1A90 0,283 2,118 0,088 0,170 2,365 -0,032 4,375 0,399 2,917 0,187 4,774 
0,927 365,100 0,927 18,160 3,955 2,286 0,651 1,504 0,198 2,186 0,165 0,178 2,344 0,116 4A24 OA23 2,895 3,132 




y/ymax y+ (Tw-T)/ T'/T* -u'T'/ v'T'/ w'T'/ S(T) K(T) eptv eptw u'•v'/ u' 2w'/ u'v' 2 / u'v'"/ v'•w'/ v'w'•t u'v'w'/ 
(Tw-Tb) u*T* u*T* u*T* u .. u .. u .. u•• u .. u .. u•• 
0,232 95,300 0,504 2,043 3.484 0,351 0,898 -0,623 2,770 0,033 7,375 0,130 -0,925 0,025 0,151 -0,180 0,017 -0,006 
0,263 107,300 0,546 2,028 3.426 0,357 0,944 -0,610 2,748 0,037 8.486 0,131 -0,731 0,050 0,025 -0,185 0,012 -0,017 
0,309 125,300 0,585 1,997 3,318 0,364 0,972 -0.655 2,765 0,045 10,194 0,097 -0,901 0,047 0,024 -0,172 0,023 -0,037 
0,386 155,300 0,669 1,976 3,249 0,391 1,000 -0,615 2.716 0,060 12,588 0,093 -0,556 0,088 -0,316 -0,140 0,000 -0,050 
OA64 185,200 0,724 1,939 3,147 0,385 1,078 -0,560 2,656 0,071 15,655 0,089 -0,527 0,112 -0.475 -0,124 -0,019 -0,014 
0,618 245,200 0,822 1,881 2,857 OA13 1,127 -OA05 2,525 0,101 23,648 -0,021 -0,280 0,133 -0,767 -0,074 -0,056 0,048 
0,773 305,100 0,906 1,793 2,519 0,408 1,103 -0,162 2,467 0,124 4,084 -0,006 0,050 0,165 -1,011 -0,040 -0,110 0,102 
0,927 365,100 0,969 1,657 2,091 0,385 1,056 0,063 2,481 1,522 0,002 0,110 0,183 -1,006 -0,013 -0,151 0,132 
1,000 393,300 0,999 1,580 1,864 0,360 0,968 0,138 2,519 -0,004 0,111 0,168 -0,965 -0,002 -0,150 0,160 
TABLE I cont. 
WALL SUBCHANNEL ANGULAR POSITION 30° REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48,65°C Wall heat flux q=1,39 kWtm• 
Local friction velocity u• =1,018 m/s Local friction temperature P =1,190 K 
Average friction velocity u•=1,019 m/s Average friction temperature T• = 1,193 K 
Average Velocity in the wall cha Ub = 19,4 m/s Average fluid temperature Tb=29,1°C 
y/ymax y+ U/Ub U+ k+ u'Ju• v'tv• w'fw• u'v'/ u'w'/ -v'w'/ S(u) K{u) S(v) K(v) S(w) K(w) epsv epsw 
u .. u .. u .. 
0,162 99,200 0,847 15,940 4,016 2,351 0,834 1,345 0,631 1 '118 -0,118 0,181 2,589 -0,261 3,979 -0,227 3,269 0,054 1,382 
0,183 111,700 0,857 16,120 3,951 2,350 0,814 1,311 0,619 1 '121 -0,109 0,196 2,554 -0,237 4,053 -0,211 3,215 0,058 1,450 
0,215 130,400 0,870 16,360 3,948 2,345 0,805 1,324 0,614 1,208 -0,096 0,197 2,541 -0,219 3,953 -0,186 3,124 0,065 1,510 
0,269 161,600 0,899 16,900 4,017 2,381 0,790 1,320 0,607 1,331 -0,072 0,167 2,449 -0,197 4,022 -0,153 3,085 0,079 1,627 
0,323 192,800 0,919 17,280 4,053 2,400 0,774 1,322 0,581 1,462 -0,059 0,140 2,391 -0,174 3,938 -0,129 3,036 0,090 1,828 
0,431 255,200 0,956 17,980 4,111 2,438 0,753 1,308 0,547 1,621 -0,023 0,097 2,284 -0,119 4,076 -0,021 2,926 0,113 1,877 
0,539 317,700 0,975 18,340 4,261 2,487 0,744 1,335 0,518 1,891 0,047 0,038 2,213 -0,113 4,002 0,111 2,957 0,137 2,023 
0,646 380,100 0,991 18,650 4,258 2,491 0,740 1,327 0,469 1,964 0,086 -0,007 2,155 -0,006 3,969 0,200 2,950 0,162 1,951 
0,862 504,900 1,016 19,110 4,259 2,486 0,746 1,333 0,381 2,103 0,188 -0,060 2,091 0,138 3,832 0,379 2,977 1,813 <0 1,000 585,100 1,018 19,150 4,202 2,478 0,768 1,294 0,322 1,980 0,264 -0,095 2,099 0,220 3,855 0,346 3,022 <0 
I 
y/ymax Y+ (Tw-T}/ T'/P -u'T'/ v'T'/ w'T'/ S(T) K(T) eptv eptw u'•v'/ u'•w'/ u'v'•t u'v'•t v''w'/ v'w'•t u'v'w'/ (Tw-Tb) u•T• u*T* u•T• u .. u .. u .. u .. u .. u .. u .. 
0,162 99,200 0,535 2,169 3,682 0,381 0,684 -0,247 2,663 0,026 0,215 -0,056 0,042 0,442 -0,152 0,029 0,037 
0,183 111,700 0,560 2,173 3,675 0,412 0,713 -0,309 2,666 0,032 0,231 -0,061 0,067 0,4)5 -0,144 0,030 0,023 
0,215 130,400 0,609 2,141 3,579 0,413 0,763 -0,319 2,660 0,038 0,200 0,004 0,081 0,375 -0,139 0,031 0,042 
0,269 161,600 0,682 2,119 3,555 0,447 0,821 -0,274 2,611 0,050 0,228 0,182 0,105 0,171 -0,135 0,015 -0,005 
0,323 192,800 0,720 2,127 3,585 0,470 0,923 -0,193 2,552 0,063 0,181 0,198 0,131 0,083 -0,129 -0,019 0,044 
0,431 255,200 0,817 2,094 3,484 0,527 0,958 -0,048 2,471 0,094 0,109 0,684 0,148 -0,353 -0,118 -0,056 0,034 
0,539 317,700 0,888 2,072 3,437 0,555 1,102 0,064 2,381 0,123 0,018 1,326 0,171 -0,835 -0,119 -0,098 0,108 
0,646 380,100 0,939 2,004 3,194 0,580 1,107 0,267 2,373 0,154 3,999 -0,138 1,733 0,201 
-1 '132 -0,093 -0,143 0,183 
0,862 504,900 1,056 1,858 2,677 0,583 1,096 0,635 2,459 1,979 -0,335 2,281 0,170 -1,543 -0,080 -0,180 0,300 
1,000 585,100 1,107 1,722 2,306 0,550 0,985 0,788 2,597 -0,511 2,306 0,118 -1,389 -0,049 -0,179 0,361 
TABLE I cont. 
WALL SUBCHANNEL ANGULAR POSITION 40° REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48_65°C Wall heat flux q=1,39 kW/m2 
Local friction velocity u• = 1,072 m/s Local friction temperature T*=1,130 K 
Average friction velocity u*=1,019 m/s Average friction temperature T* =1, 193 K 
Averagevelocity in the wall cha Ub = 19,4 m/s Average fluid temperature Tb=29,1°C 
y/ymax y+ U/Ub U+ k+ u'/u* v'Jv• w'tw• u'v'/ u'w'/ -v'w'/ S(u) K(u) S(v) K(v) S(w) K(w) epsv epsw 
u .. u•• u•• 
0,112 104,400 0,907 16,220 3,782 2,166 0,852 1,466 0,687 0,778 -0,160 0,047 2,684 -0,272 3,823 -0,076 3,214 0,045 0,655 
0,126 117,600 0,922 16,480 3,703 2,153 0,838 1,439 0,681 0,780 -0,140 0,031 2,661 -0,238 3,757 -0,068 3,148 0,048 0,685 
0,149 137,300 0,942 16,840 3,705 2,169 0,840 1,414 0,678 0,820 -0,169 0,024 2,640 -0,241 3,808 -0,052 3,135 0,052 0,683 
0,186 170,100 0,965 17,250 3,693 2,169 0,839 1,407 0,683 0,858 -0,159 0,014 2,612 -0,206 3,712 -0,030 3,101 0,061 0,737 
0,223 203,000 0,987 17,630 3,661 2,166 0,836 1,389 0,656 0,881 -0,131 -0,014 2,550 -0,186 3,723 -0,023 3,062 0,068 0,712 
0,297 268,600 1,021 18,240 3,653 2,184 0,826 1,361 0,632 0,965 -0,104 -0,083 2,493 -0,157 3,668 -0,013 3,030 0,085 0,812 
0,372 334,300 1,048 18,730 3,672 2,216 0,820 1,327 0,579 1,054 -0,059 -0,148 2,428 -0,172 3,572 0,042 2,948 0,099 0,860 
0,446 400,000 1,069 19,110 3,711 2,250 0,818 1,301 0,562 1,105 -0,017 -0,215 2,403 -0,159 3,581 0,075 2,970 0,118 0,930 
0,595 531,400 1,106 19,760 3,684 2,279 0,808 1,233 0,497 1,278 0,060 -0,352 2,397 -0,106 3,575 0,180 3,102 0,154 0,906 ..... 
0,743 662,700 1,125 20,100 3,645 2,284 0,813 1,189 0,458 1,333 0,145 -0,474 2,465 -0,025 3,581 0,312 3,250 0,699 0 0 0,929 826,900 1,137 20,320 3,520 2,244 0,854 1,129 0,370 1,258 0,249 -0,520 2,528 0,111 3,437 0,341 3,311 0,458 I 1,000 889,700 1,133 20,260 3,442 2,207 0,879 1 '115 0,322 1,217 0,294 -0,525 2,559 0,127 3,435 0,356 3,346 
y/ymax y+ !Tw-n/ T'/T* -u'T'/ v'T'/ w'T'/ S(T) K(T) eptv eptw u' 2v'/ u' 2w'/ u'v' 2 / u'v' 2 / v' 2w'/ v'w' 2 / u'v'w'/ 
(Tw-Tb) u•T• u•T• u•T• u•• u•• u .. u•• u .. u*' u*' 
0,112 104,400 0,564 2,047 2,872 0,416 0,231 -0,034 2,753 0,021 0,000 0,462 -0,079 0,231 -0,068 0,031 0,074 
0,126 117,600 0,608 2,048 2,844 0,443 0,242 0,008 2,781 0,025 0,032 0,412 -0,052 0,157 -0,064 0,042 0,064 
0,149 137,300 0,635 2,030 2,845 0,441 0,285 0,041 2,754 0,029 -0,020 0,474 -0,063 0,106 -0,062 0,032 0,050 
0,186 170,100 0,686 2,015 2,755 0,475 0,275 0,069 2,737 0,039 0,012 0,529 -0,034 0,074 -0,055 0,013 0,054 
0,223 203,000 0,742 2,027 2,760 0,505 0,300 0,086 2,713 0,049 0,016 0,676 -0,031 -0,008 -0,053 0,010 0,004 
0,297 268,600 0,818 2,010 2,726 0,538 0,366 0,256 2,685 0,070 -0,093 0,907 -0,011 -0,248 -0,054 -0,012 -0,026 
0,372 334,300 0,870 2,016 2,766 0,566 0,452 0,377 2,649 0,091 -0,109 1,254 -0,033 -0,472 -0,048 -0,011 -0,023 
0,446 400,000 0,931 2,004 2,762 0,578 0,463 0,543 2,647 0,112 -0,240 1,585 -0,015 -0,643 -0,054 -0,047 0,025 
0,595 531,400 1,024 1,974 2,641 0,612 0,581 0,807 2,717 0,157 -0,425 2,401 -0,057 -1,043 -0,037 -0,096 0,146 
0,743 662,700 1,108 1,907 2,391 0,622 0,582 1 '118 2,899 -0,749 3,065 -0,115 -1,435 -0,071 -0,146 0,276 
0,929 826,900 1,184 1,764 2,008 0,634 0,623 1,393 3,231 -0,930 2,889 -0,197 -1,272 -0,034 -0,141 0,366 
1,000 889,700 1,203 1,689 1,828 0,619 0,628 1,475 3,399 -0,967 2,730 -0,251 -1,170 -0,035 -0,144 0,432 
TABLE I cont. 
WALL SUBCHANNEL ANGULAR POSITION 50° REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48,65°C Wall heat flux q=1,39 kW/m2 
Local friction velocity u• = 1,112 m/s Local friction temperature T"=1,090 K 
Average friction velocity u•=1,019m/s Average friction temperature T• =1,193 K 
Averagevelocity in the wall cha Ub = 19.4 m/s Average fluid temperature Tb=29, 1 °C 
y/ymax y+ U/Ub U+ k+ u'/u* v'/v* w'Jw• u'v'/ u'w'/ -v'w'/ S(ul K(u) S(v) K(v) S(w) K(w) epsv epsw 
u•• u•• u•• 
0,078 108,300 0,959 16,540 3,482 1,944 0,858 1,565 0,716 0,518 -0,165 -0,012 2,767 -0,289 3,763 -0,083 3,158 0,036 0,618 
0,088 121,900 0,973 16,770 3.449 1,944 0,850 1,548 0,713 0,534 -0,143 -0,021 2,770 -0,227 3,642 -0,057 3,102 0,037 0,651 
0,104 142,300 0,993 17,120 3,395 1,927 0,852 1,533 0,722 0,522 -0,150 -0,023 2,764 -0,247 3,690 -0,041 3,060 0,040 0,599 
0,130 176.400 1,012 17.450 3,356 1,921 0,852 1,514 0,701 0,561 -0,142 -0,054 2,763 -0,204 3,566 -0,030 3,081 0,044 0,670 
0,156 210,400 1,036 17,870 3,300 1,900 0,850 1,505 0,698 0,551 -0,125 -0,087 2,745 -0,172 3,546 0,007 3,026 0,050 0,608 
0,208 278,500 1,077 18,560 3,125 1,857 0,848 1.443 0,650 0,540 -0,099 -0,144 2,747 -0,156 3,430 0,039 3,062 0,058 0,659 
0,260 346,600 1,105 19,050 3,001 1,827 0,850 1,394 0,587 0,511 -0,070 -0,180 2,722 -0,182 3,461 0,082 3,125 0,065 0,713 
0,312 414,700 1 '131 19.490 2,871 1,796 0,843 1,344 0,559 0.486 -0,059 -0,245 2,757 -0,223 3,520 0,097 3,112 0,076 0,712 
0.416 550,900 1,166 20,100 2,615 1,742 0,827 1,229 0,475 0,474 0,005 -0,399 2,886 -0,243 3.478 0,194 3,249 0,090 0,544 
0,519" 687,100 1,198 20,650 2,384 1,694 0,794 1,126 0,376 0,473 0,026 -0,574 3,171 -0,234 3,578 0,250 3,461 0,092 0,589 _.. 
0,649 857,300 1,220 21,040 2,163 1,637 0,773 1,025 0,318 0,435 0,072 -0,781 3,618 -0,212 3,568 0,289 3,642 0,106 0 _.. 
0,779 1027,600 1,240 21,380 1,995 1,587 0,761 0,945 0,227 0,431 0,125 -0,934 4,083 -0,124 3,641 0,334 3,752 0,123 I 1,000 1317.400 1,252 21,590 1,833 1.491 0,804 0,893 0,109 0,414 0,172 -0,970 4,366 -0,047 3,699 0,319 3,741 
y/ymax y+ (Tw-Tl/ T'/T" -u'T'/ v'T'/ w'T'/ S(T) K(T) eptv eptw u'•v'/ u' 2w'/ u'v' 2 / u'v' 2/ v'•w'/ v'w' 2/ u'v'w'/ 
(Tw-Tb) u*T* u•T• u•T* u .. u•• u .. u .. u .. u•• u .. 
0,078 108,300 0,579 1,946 2,141 0.423 -0,349 0,003 2,918 0,015 0,287 -0,252 0,267 -0,202 -0,004 -0,076 0,043 0,043 
0,088 121,900 0,619 1,943 2,110 0.439 -0,305 0,024 2,880 0,018 0,243 -0,222 0,188 -0,165 -0,015 -0,071 0,025 0,022 
0,104 142,300 0,650 1,902 2,032 0.438 -0,298 0,038 2,907 0,021 0,231 -0,213 0,212 -0,167 -0,064 -0,065 0,026 0,046 
0,130 176,400 0,697 1,907 1,999 0,466 -0,244 0,107 2,886 0,027 0,179 -0,250 0,381 -0,161 -0,229 -0,057 0,001 0,018 
0,156 210,400 0,741 1,924 1,951 0.498 -0,254 0,162 2,887 0,035 0,182 -0,327 0,312 -0,178 -0,269 -0,043 -0,005 0,015 
0,208 278,500 0,800 1,898 1,837 0,515 -0,230 0,314 2,899 0,048 0,157 -0,352 0,375 -0,184 -0,369 -0,023 -0,023 0,010 
0,260 346,600 0,861 1,905 1,782 0,505 -0,196 0,474 2,929 0,059 0,117 -0,344 0,551 -0,203 -0,529 -0,016 -0,021 -0,024 
0,312 414,700 0,904 1,894 1,696 0,504 -0,213 0,565 2,973 0,070 0,112 -0,370 0,548 -0,235 -0,529 -0,002 -0,020 0,007 
0,416 550,900 0,979 1,846 1,531 0,478 -0,095 0,673 3,005 0,089 -0,364 0,836 -0,258 -0,651 0,002 -0,034 -0,027 
0,519 687,100 1,046 1,829 1,362 0,423 -0,099 0,826 3,083 0,100 -0,353 1,088 -0,251 -0,700 0,006 -0,062 -0,008 
0,649 857,300 1 '118 1,805 1,183 0,416 -0,084 0,944 3,139 0,123 -0,480 1 '110 -0,246 -0,671 0,004 -0,074 0,042 
0,779 1027,600 1,165 1,735 0,936 0,362 -0,080 1,103 3,284 0,130 -0,452 1,188 -0,258 -0,638 0,026 -0,100 0,110 
1,000 1317,400 1,262 1,601 0,535 0,316 -0,068 1,382 3,718 -0,394 0,966 -0,318 -0,510 0,063 -0,064 0,142 
TABLE I cont. 
WALL SUBCHANNEL ANGULAR POSITION 60° REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48,65•c Wall heat flux q=1,39 kWtm• 
Local friction velocity u• =1,109 m/s Local friction temperature T-=1,093 K 
Average friction velocity u• = 1,019 m/s Average friction temperature T-=1,193 K 
Average Velocity in the wall cha Ub = 19.4 m/s Average fluid temperature Tb=29,1•c 
y/ymax y+ U/Ub U+ k+ u'tu• v'/v* w'tw• u'v'/ u'w'/ -v'w'/ S(u) K(u) S(v) K(v) S(w) K(w) epsv epsw 
u•• u .. u<> 
0,068 108,000 0,964 16,660 3,323 1,904 0,853 1,514 0,727 0,173 -0,156 0,071 2,756 -0,275 3,658 -0,049 3,180 0,028 
0,077 121,600 0,977 16,890 3,285 1,900 0,850 1.496 0,738 0,177 -0,131 0,075 2,748 -0,236 3,588 -0,046 3,203 0,030 
0,091 141.900 0,994 17,180 3,297 1,903 0,845 1,503 0,740 0,219 -0,121 0,069 2,729 -0,200 3,541 -0,018 3,157 0,034 
0,113 175,900 1,023 17,680 3,192 1,877 0,841 1.467 0,734 0,216 -0,092 0,037 2,714 -0,168 3,518 0,010 3,129 0,040 
0,136 209,800 1,046 18,080 3,128 1,858 0,836 1.452 0,720 0,161 -0,064 0,020 2,701 -0,137 3,372 0,043 3,099 0,046 
0,181 277,700 1,078 18,630 2,993 1,812 0,832 1.417 0,689 0,155 -0,029 -0,031 2,694 -0,145 3,382 0,096 3,118 0,059 
0,226 345,700 1,105 19,110 2,776 1,759 0,830 1,330 0_639 0,161 -0,015 -0,108 2,701 -0,148 3,398 0,137 3,180 0,067 
0,272 413,600 1,130 19,540 2,633 1 '711 0,828 1,285 0,638 0,151 0,017 -0,147 2,719 -0,194 3,311 0,191 3,263 0,077 
0,362 549.400 1,170 20,230 2,287 1.601 0,812 1,164 0,532 0,078 0,032 -0,210 2,780 -0,206 3,371 0,269 3,378 0,081 
0_453 685,200 1,196 20,670 1,989 1_490 0,792 1,063 0_439 0,025 0,044 -0,259 2,858 -0,192 3,397 0,296 3,574 0,107 ..... 
0,566 855,000 1,217 21,030 1,723 1,389 0,781 0,952 0,356 -0,039 0,056 -0,267 2,912 -0,162 3.453 0,344 3,743 0,159 0 1\) 
0,679 1024,800 1,236 21,370 1,533 1,309 0,767 0,874 0,269 -0,088 0,066 -0,248 2,941 -0,140 3,567 0,280 3,833 I 0,906 1364,300 1,255 21,700 1.351 1,232 0,769 0,770 0,133 -0,143 0,055 -0,272 2,964 0,026 3,654 0,134 3,818 
1 ,000 1505,500 1,262 21,820 1,308 1,210 0,774 0,743 0,082 -0,136 0,050 -0,302 3,014 0,111 3,761 0,071 3,626 
y/ymax y+ (Tw-T)/ T'/P -u'T'/ v'T'/ w'T'/ S(T) K(T) eptv eptw u' 2v'/ u'•w'/ u'v'•t u'v' 2/ v'•w'/ v'w' 2/ u'v'w'/ 
(Tw-Tbl u*T* u*T* u*T* u .. u .. u .. u .. u .. u .. u .. 
0,068 108,000 0.492 2,132 2.444 0.418 -0,893 0,069 2,802 0,014 0,396 -0,176 -0,103 -0,202 0.414 -0,074 0,041 0,057 
0,077 121,600 0,517 2,141 2.406 0.425 -0,872 0,099 2,809 0,016 0,380 -0,198 -0,117 -0,180 0,345 -0,067 0,033 0,043 
0,091 141,900 0,554 2,131 2,394 0.444 -0,845 0,170 2,820 0,019 0,362 -0,235 -0,190 -0,168 0,275 -0,065 0,020 0,046 
0,113 175,900 0,597 2,125 2,304 0_450 -0,802 0,227 2,804 0,024 0,338 -0,211 -0,159 -0,147 0,127 -0,038 0,007 0,044 
0,136 209,800 0,637 2,147 2,313 0.476 -0,869 0,265 2,808 0,030 0,360 -0,259 -0,110 -0,149 0,072 -0,028 -0,005 0,038 
0,181 277,700 0,683 2,153 2,215 0,504 -0,833 0.409 2,791 0,043 0,336 -0,328 -0,139 -0,160 -0,042 -0,012 -0,010 0,018 
0,226 345,700 0,749 2,120 2,099 0,501 -0,695 0,521 2,835 0,053 0,250 -0,376 -0,058 -0,189 -0,150 0,005 -0,023 0,030 
0,272 413,600 0,786 2,102 2,004 0,542 -0,649 0,543 2,816 0,069 0,207 -0.415 0,015 -0,199 -0,247 0,026 -0,026 0,048 
0,362 549_400 0,843 2,077 1,826 0.495 -0,575 0,700 2,889 0,084 0,186 -0.408 0,019 -0,204 -0,249 0,028 -0,037 0,018 
0.453 685,200 0,892 2,038 1,639 0.452 -0,512 0,752 2,942 0,096 0,162 -0,393 0,049 -0,192 -0,259 0,060 -0,045 0,018 
0,566 855,000 0,942 2,023 1.499 0.427 -0.481 0,715 2,955 0,115 -0,337 0,037 -0,181 -0,198 0,043 -0,040 0,011 
0,679 1024,800 0,977 2,018 1,394 0,390 -0.477 0,663 2,924 0,125 -0,267 0,001 -0,155 -0,174 0,017 -0,049 0,004 
0,906 1364,300 1,044 2,032 1.285 0,340 -0,507 0,809 2,951 -0,113 -0,062 -0,138 -0,148 -0,008 -0,045 0,000 
1,000 1505,500 1,062 2,001 1.186 0,303 -0.488 0,808 2,931 -0,043 -0,102 -0,143 -0,129 0,002 -0,035 -0,017 
TABLE I cont. 
WALL SUBCHANNEL ANGULAR POSITION 70° REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48,65°C Wall heat flux q=1,39 kW/m2 
Local friction velocity u• = 1,078 m/s Local friction temperature T* =1,124 K 
Average friction velocity u• = 1,019 m/s Average friction temperature T• =1,193 K 
Averagevelocity in the wall cha Ub = 19,4 m/s Average fluid temperature Tb=29,1°C 
y/ymax y+ U/Ub U+ k+ u'Ju• v'/v ... w'fw• u'v'/ u'w'/ -v'w'/ S{u} K{u) S{v} K{v} S{w} K{w} epsv epsw 
u .. u .. u .. 
0,108 105,000 0,933 16,590 3,071 1,908 0,849 1.334 0,725 -0,038 -0,110 0,113 2,813 -0,269 3,630 -0,015 3,301 0,042 
0,123 118,200 0,943 16,760 3,031 1,903 0,834 1,320 0,719 -0,022 -0,083 0,122 2,787 -0,237 3,610 0,010 3,315 0,046 
0,145 138,000 0,966 17,160 2,977 1,893 0,822 1.301 0,712 -0,036 -0,082 0,116 2,781 -0,208 3,517 0,021 3,305 0,051 
0,181 171,100 0,988 17,570 2,915 1,881 0,809 1,280 0,709 -0,062 -0,066 0,104 2,759 -0,176 3,475 0,097 3,332 0,060 
0,217 204,100 1,013 18,010 2,820 1,851 0,797 1,257 0,682 -0,065 -0,040 0,082 2,744 -0,182 3,497 0,093 3,312 0,068 
0,289 270,100 1,048 18,620 2,681 1,807 0,790 1,214 0,649 -0,094 0,003 0,033 2,697 -0,178 3,462 0,217 3,360 0,085 0,126 
0,361 336,200 1,074 19,090 2,537 1,753 0,786 1,176 0,608 -0,113 0,009 -0,009 2,718 -0,167 3,399 0,282 3,417 0,102 0,176 
0,434 402,200 1,097 19,500 2,344 1,687 0,780 1,110 0,570 -0,128 0,024 -0,018 2,755 -0,168 3,514 0,306 3,455 0,126 0,180 
0,578 534,300 1,124 19,970 2,039 1,569 0,784 1,001 0,479 -0,152 0,041 -0,029 2,803 -0,141 3,594 0,377 3,613 0,186 
0,723 666,400 1.145 20,350 1,826 1,471 0,799 0,922 0,370 -0,232 0,042 0,010 2,824 0,019 3,665 0,362 3,704 0,118 ..... 
0,904 831.500 1,160 20,610 1,652 1,390 0,812 0,844 0,223 -0,296 0,018 0,070 2,803 0,159 3,839 0,322 3,670 0 (.,) 
1,000 919,500 1,162 20,650 1,634 1,382 0,833 0,816 0,135 -0,319 0,002 0,088 2,782 0,221 3,766 0,278 3,584 I 
y/ymax y+ {Tw-T}/ TJT• -u'T'/ v'T'/ w'T'/ S{T} K{T} eptv eptw u' 2v'/ u'•w'/ u'v' 2 / u'v' 2 / v' 2w'/ v'w' 2 / u'v'w'/ 
{Tw-Tb} u•T• u•T• u•T• u .. u .. u .. u .. u .. u .. u .. 
0,108 105,000 0,293 2,306 2,793 0,396 -0,943 -0,425 2,642 0,022 0,479 -0,169 0,025 -0,192 0,466 -0,077 0,035 0,073 
0,123 118,200 0,318 2,337 2,794 0,400 -0,936 -0,403 2,606 0,025 0,472 -0,138 -0,003 -0,168 0,470 -0,071 0,027 0,076 
0,145 138,000 0,348 2,316 2,776 0,417 -0,946 -0,355 2,600 0,031 0,471 -0,131 0,059 -0,148 0,459 -0,049 0,036 0,066 
0,181 171 '100 0,400 2,340 2,771 0,448 -0,997 -0,276 2,574 0,041 0,494 -0,138 0,017 -0,116 0,397 -0,031 0,008 0,058 
0,217 204,100 0,429 2,354 2,727 0,445 -0,982 -0,276 2,524 0,049 0,483 -0,169 0,034 -0,127 0,291 -0,014 0,004 0,055 
0,289 270,100 0,498 2,384 2,661 0,469 -1,051 -0,125 2,506 0,069 0,514 -0,272 0,118 -0,140 0,201 0,012 -0,016 0,049 
0,361 336,200 0,538 2,390 2,540 0,456 -1,042 -0,002 2,483 0,084 0,477 -0,341 0,164 -0,148 0,111 0,040 -0,051 0,085 
0,434 402,200 0,580 2,346 2,375 0,464 -0,968 0,114 2,483 0,102 0,419 -0,339 0,132 -0,149 0,023 0,042 -0,077 0,052 
0,578 534,300 0,643 2,325 2,154 0,443 -0,850 0,279 2,506 0,131 -0,316 0,143 -0,132 -0,040 0,059 -0,084 0,065 
0,723 666,400 0,683 2,261 1,931 0,408 -0,810 0,456 2,591 0,148 -0,247 0,070 -0,121 -0,030 0,094 -0,108 0,071 
0,904 831,500 0,698 2,220 1,751 0,360 -0,768 0,511 2,612 -0,105 0,012 -0,113 0,002 0,104 -0,063 0,049 
1,000 919,500 0,720 2,189 1,713 0,318 -0,724 0,512 2,670 -0,008 -0,037 -0,120 0,009 0,095 -0,039 0,057 
TAB LE I cont. 
WALL SUBCHANNEL ANGULAR POSITION 80° REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48,65°C Wall heat flux q=1,39 kW/m' 
Local friction velocity u•=1,044 m/s Local friction temperature P=1,161 K 
Average friction velocity u•=1,019 m/s Average friction temperature P=1,193 K 
Averagevelocity in the wall cha Ub = 19,4 m/s Average fluid temperature Tb=29,1°C 
y/ymax Y+ U/Ub U+ k+ u'tu• v'tv• w'tw• u'v'/ u'w'/ -v'w'/ S(u) K(u) S(v) K(v) S(w) K(w) epsv epsw 
u" u•• u" 
0,159 101,800 0,906 16,630 2,806 1,871 0,842 1,184 0,688 -0,195 -0,102 0,086 2,828 -0,306 3,676 -0,064 3,379 0,063 0,485 
0,180 114,600 0,917 16,830 2,748 1,853 0,826 1,176 0,685 -0,212 -0,088 0,092 2,826 -0,265 3,609 -0,029 3,438 0,066 0,540 
0,212 133,700 0,937 17,200 2,655 1,831 0,803 1,146 0,667 -0,179 -0,077 0,094 2,808 -0,243 3,594 0,011 3,352 0,069 0,455 
0,265 165,700 0,960 17,620 2,540 1,803 0,773 1,110 0,647 -0,234 -0,058 0,082 2,812 -0,224 3,536 0,091 3,383 0,076 0,514 
0,317 197,700 0,986 18,080 2,434 1,763 0,754 1,091 0,612 -0,251 -0,049 0,052 2,793 -0,211 3,540 0,118 3,385 0,083 0,802 
0,423 261,700 1,021 18,720 2,219 1,682 0,728 1,038 0,544 -0,306 -0,036 0,022 2,853 -0,199 3,540 0,223 3,463 0,110 0,780 
0,529 325,700 1,043 19,140 2,027 1,600 0,711 0,994 0,473 -0,340 -0,037 0,039 2,913 -0,211 3,694 0,223 3,456 0,143 0,746 
0,635 389,700 1,063 19,490 1,847 1,514 0,692 0,961 0,386 -0,379 -0,032 0,074 2,976 -0,158 3,762 0,289 3,542 0,106 
0,846 517,700 1,082 19,850 1,598 1,381 0,692 0,900 0,224 -0,389 -0,066 0,227 3,017 0,088 4,044 0,298 3,441 
1,000 610,700 1,088 19,960 1,523 1,343 0,704 0,864 0,117 -0,399 -0,088 0,283 3,026 0,289 4,116 0,339 3,480 _... 0 
~ 
I 
y/ymax y+ (Tw-T)/ T'/P -u'T'/ v'T'/ w'T'/ S(T) K(T) eptv eptw u''v'/ u''w'/ u'v''/ u'v''/ v''w'/ v'w''/ u'v'w'/ 
(Tw-Tb) u*T* u•T• u•T* u•• u•• u•• u .. u•• u .. u .. 
0,159 101,800 0,058 2,363 2,917 0,360 -0,789 -1,109 2,627 0,031 0,450 -0,219 0,160 -0,222 0,264 -0,089 0,040 0,049 
0,180 114,600 0,083 2,390 2,896 0,374 -0,864 -1,143 2,607 0,036 0,491 -0,211 0,243 -0,185 0,324 -0,078 0,043 0,060 
0,212 133,700 0,112 2,382 2,871 0,381 -0,803 
-1 '1 02 2,578 0,043 0,457 -0,159 0,184 -0,168 0,258 -0,060 0,018 0,061 
0,265 165,700 0,166 2,435 2,880 0,408 -0,917 -1,060 2,485 0,057 0,522 -0,213 0,200 -0,153 0,250 -0,049 0,011 0,058 
0,317 197,700 0,208 2,444 2,810 0,399 -0,974 -1,115 2,468 0,067 0,554 -0,253 0,257 -0,153 0,207 -0,016 -0,001 0,050 
0,423 261,700 0,280 2,496 2,718 0,439 -1,103 -0,969 2,331 0,098 0,630 -0,300 0,294 -0,142 0,152 0,015 -0,034 0,053 
0,529 325,700 0,306 2,491 2,532 0,426 -1,137 -0,916 2,264 0,120 0,649 -0,306 0,260 -0,137 0,080 0,056 -0,050 0,043 
0,635 389,700 0,359 2,512 2,377 0,399 -1,214 -0,905 2,201 0,134 -0,256 0,228 -0,098 0,077 0,091 -0,090 0,039 
0,846 517,700 0,398 2,462 2,047 0,346 -1,216 -0,735 2,137 -0,107 0,217 -0,057 0,080 0,178 -0,089 0,025 
1,000 610,700 0,410 2,471 1,958 0,315 -1,200 -0,728 2,128 0,054 0,196 -0,048 0,110 0,185 -0,089 0,012 
TABLE I cont. 
WALL SUBCHANNEL ANGULAR POSITION 90° REFERENCE: LOCAL REYNOLDS NUMBER = 65000 
Reference wall temperature Tw=48_65°C Wall heat flux q=1,39 kW/m2 
Local friction velocity u• = 1 ,029 m/s Local friction temperature T" =1.177 K 
Average friction velocity u• = 1,019 m/s Average friction temperature T• = 1,193 K 
Averagevelocity in the wall cha Ub = 19.4 m/s Average fluid temperature Tb=29,1°C 
y/ymax y+ U/Ub U+ k+ u'Ju• v'/v* w'/w ... u'v'/ u'w'/ -v'w'/ S(u) K(u) S(v) K(v) S(w) K(w) epsv epsw 
u*' u•• u*' 
0,186 100,300 0,871 16,210 2.464 1,710 0,849 1,133 0,676 -0,189 -0,098 0,012 2,839 -0,333 3_691 -0,130 3,393 0,077 
0,211 113,000 0,883 16.440 2,394 1,692 0,826 1 '115 0,668 -0,167 -0,090 0,029 2,854 -0,295 3,591 -0,126 3,313 0,074 
0,248 131,900 0,903 16,790 2,288 1,665 0,797 1,081 0,630 -0,161 -0,077 0,025 2,852 -0,282 3,539 -0,096 3,347 0,070 
0,310 163.400 0,928 17,270 2,156 1,621 0,764 1,050 0,609 -0,189 -0,064 0,007 2,854 -0,244 3,454 -0,010 3,391 0,076 
0,372 195,000 0,956 17,790 1,999 1,567 0,733 1,003 0,551 -0,187 -0,059 -0,008 2,899 -0,248 3,437 0,012 3,333 0,084 
0,496 258,100 0,991 18.430 1,794 1.466 0,684 0,985 0.445 -0,215 -0,040 -0,051 3,005 -0,292 3,532 0,091 3,395 0,095 
0,620 321,200 1,019 18,950 1.582 1,361 0_648 0,945 0,349 -0,202 -0,046 -0,056 3,127 -0,284 3,582 0,119 3.444 0,100 
0,744 384,300 1,035 19,260 1.410 1,259 0,611 0,928 0,236 -0,217 -0,043 0,010 3,309 -0,257 3,739 0,199 3,454 0,175 
0,993 510,500 1,052 19,570 1,233 1,145 0,581 0,904 0,030 -0,197 -0,046 0,210 3,326 0,036 3,852 0,261 3.418 
...... 1,000 514,300 1,050 19,530 1,210 1,135 0,578 0,892 0,024 -0,194 -0,057 0,189 3,310 0,056 3,884 0,255 3,409 0 
01 
I 
y/ymax y+ (Tw-T)/ T'/T" -u'T' I v'T'/ w'T'/ S(T) K(Tl eptv eptw u' 2v'/ u'•w'/ u'v' 2 / u'v' 2 / v'•w'/ v'w'•f u'v'w'/ 
(Tw-Tb) u•T• u•T• u*T* u., un u., un u .. u .. u .. 
0,186 100,300 -0,165 1,983 2,054 0,333 -0,613 -1,885 3,543 0,035 -0,292 0,216 -0,263 0,129 -0,101 0,023 0,047 
0,211 113,000 -0,136 2,010 2,030 0,339 -0,610 -1,966 3,540 0,040 -0,264 0,237 -0,237 0,145 -0,090 0,032 0,040 
0,248 131,900 -0,102 2,010 2,003 0,331 -0,596 -2,015 3,544 0,046 -0,253 0,235 -0,201 0,114 -0,083 0,026 0,038 
0,310 163.400 -0,056 2,057 1,975 0,342 -0,697 -2,114 3,466 0,060 -0,255 0,249 -0,177 0,151 -0,062 -0,002 0,046 
0,372 195,000 -0,014 2,084 1,912 0,329 -0,704 -2,215 3,450 0,069 -0,259 0,246 -0,159 0,111 -0,058 -0,009 0,028 
0.496 258,100 0,063 2,092 1,739 0,303 -0,861 -2,356 3,478 0,085 -0,290 0,295 -0,155 0,164 -0,027 -0,026 0,020 
0,620 321,200 0,105 2,066 1,517 0,259 -0,858 -2,359 3,431 0,093 -0,274 0,250 -0,139 0,187 0,038 -0,045 0,036 
0,744 384,300 0,143 2,090 1,365 0,208 -0,965 -2.440 3,379 0,092 -0,207 0,267 -0,107 0,238 0,068 -0,031 0,029 
0,993 510,500 0,162 2,061 1.166 0,092 -1,026 -2,550 3,422 0,019 0,265 -0,063 0,306 0,128 -0,012 0,012 
1,000 514,300 0,164 2,046 1 '131 0,082 -0,956 -2.449 3,350 0,019 0,231 -0,062 0,261 0,113 -0,009 0,016 
TABLE I cont. 
